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ABSTRACT 
Some fundamental aspects of liquid film flow on rotating 
inclined surfaces have been investigated, together with a novel method 
of solid liquid separation or wet classification not based on the 
principles of the more conventional methods of sedimentation or 
filtration. The separation or classification 1S achieved by feeding 
the slurry onto a rotating device, on which it is transformed into a 
liquid film flowing radially outwards and finally being discharged at 
its extremity. The design of the rotor is such that at least part 
of its surface is inclined away from its axis of rotation and as the 
liquid film flows down this surface, solid particles are removed 
from the liquid film by centrifugal force according to the physical 
properties of the liquid and the shape and density of the solid 
particles. 
The flow of liquid films under gravity has been investigated 
on numerous occasions and a number of flow equations have been proposed, 
but the flow of liquid films on rotating surfaces has received comparatively 
little attention. The flow of films under gravity is of a complex 
nature, but it is further complicated on a. rotating surface by the 
additional motive force and the movement of the film in a tangential 
direction. 
During this investigation, the thicknesses of liquid films 
of several different liquids and under various conditions have been 
measured using a S-backscatter gauge. The results have been 
successfully correlatec using a more generalised theoretical treatment 
than had been used previously. This has enabled the measurements 
to be compared with the results of previous investigators who have 
\ 
\ 
examined liquid films flowing under gravity. 
In the theoretical treatment of the liquid film flow, it 
was assumed that there is no tangential motion relative to the 
rotating surface. This assumption appeared to be substantiated 
by the thickness measurements, but in order to justify it the surface 
film velocities were investigated. A theoretical relationship relating 
the radial and tangential surface velocities has been developed, 'which 
was SUbstantiated experimentally with measurements' of the surface film 
velocity, both radially and tangentially, using a photographic technique. 
This also gave an indication of·the velocity profile in both directions. 
The factors controlling the separation of solid particles from 
the liquid film have been studied experimentally and the results were 
compared with those predicted by a theoretical treatment of the 'problem, 
which was solved by a computer solution. Some possible future 
investigations of the problems of film flow on a rotating surface and 
of particle s~paration are outlined. 
1. 
INTRODUCTION 
Solid liquid separation or classification equipment can be 
generally divided into two broad categories depending upon their 
mode of ?peration, namely sedimentation or filtration. The first 
group includes all types of equipment where the solid particles travel 
through the liquid phase, the movement -of the particles being sustained 
by gravitational or centrifugal forces.- The second case, filtration, 
includes all methods where the liquid is forced'through the solid 
material by either gravitational or centrifugal force or by the 
application of vacuum or pressure. 
However, there is a method of solid liquid separation or classific-
ation, which cannot be incorporated into either of the-above categories. 
In it's simplest form, the method-involves the feeding -of the slurry 
onto a rotating device, which accelerates the slurry and transforms it 
into a moving liquid film. The rotor of the machine is so designed that 
the liquid flows down its outer surface and is discharged at its extremity 
During the passage of the slurry OVer the outer surface of the rotor, 
solid particles are removed from the liquid film by centrifugal force. 
The size of the solid particles extracted at any particUlar point is depend-
ant on a number of factors, including the surface tension of-the liquid 
and the shape and density of the solid particle. The phenomena by which -
the film adheres to the solid surface has become to be known as the 
Coanda effect. 
This method of solid liquid separation is not novel and a machine 
employing this general principle was patented by Bartholomew in 1947 
(6). _ More recently, in 1966, a patent (76) was published in which a 
number of machine designs are described using this principle of 
separation, including a number where this principle is incorporated into 
2. 
more conventional solid li~uid separation machine designs. 
Recently Kober and Ruf (75) published a brief theoretical 
treatment' of this method . of separation. Apart from this, up to the 
present time, there has been no publication of any experimental or theor-
etical evaluation of this separating techni~ue. 
In this thesis some of the more fundamental aspects of this 
techni~ue are examined,in particular the. mode of film flow on the 
rotating surface and the method by which the particles are separated 
from the li~uid film. A considerable amount of work, both theoretical 
and experimental, has been .carried out over the last few decades into 
the flow of li~uid films on vertical and inclined surfaces under 
gravity. However, little investigation has been made into the flow of 
li~uid films under cen~rifugal force, and then only on flat rotating dis~s. 
'. 
Therefore this work is a logical development in that it deals with the 
more general case of the flow of li~uid films on rotating inclined 
surfaces. 
As far as the more commercial aspect of this work is concerned, 
the investigation of the film flow on a rotating surface and of the 
mode of particle separation enables a more rational, instead of speculative, 
approach to be made in the design of this type of e~uipment. 
The flow of li~uids on rotating surfaces lS also a fundamental aspect 
of a number of operations including absorption and evaporation, where 
a knowledge of the fluid flow mechanisms involved is important as 
they have a direct bearing on the mass transfer obtained. 
, 
2.1 
2.1.1. 
2.1.2. 
2.2 
2.3 
3. 
PRELIMINARY INVESTIGATIONS 
Qualitative 
Visual methods. 
Photographic methods; 
Quantitative 
Conclusions. 
From a survey of the literature it was evident that there 
had been little ,investigation into the flow of ' liquid films on rotating 
surfaces or the use of the Coanda effect 'to produce a separation of 
solids and liquids. It was therefore considered necessary to carry out 
, a number of qualitative and quantitative experiments to establish an 
approximate conception 'of ,the mechanisms involved. Various teChniques 
were used, including high speed photography, and it was an the basis 
of ,these experiments that ,the subsequent work was directed. 
2.1 QUALITATIVE 
2.1.1 Visual Methods' 
From visual observations 'various flow regimes, were apparent. At 
very low flow rates there was insuff,icient liquid to wet the whole rotor 
surface and the liquid was confined to rivulets. The transition from 
a totalY',wetted surface to a partially wetted one was not clearly 
defined and appeared to depend upon whether :the surface was completely dry 
or had been recently wetted and on whether the transition was reached 
by reducing or increasing the liquid flow rate. On the reduction of 
the liquid flow rate 'there appeared to be a further regime where the 
rotor surface was partially wetted by liquid flowing with more or 
less uniform thickness and a few dry areas. 
4. 
At high water feed rates the liquid ~urface was completely 
disturbed with wave patterns and even at low speeds long circumferential 
waves were present. The waves were more clearly spaced at high speeds 
becoming more irregular and have a slight helical tendency. When 
liquids. of higher viscosity were used a regime of smooth wave-free film 
flow was noted at low speeds. 
As the flow rate was increased the helical wave motion became more 
predominant and the wave motion more random. 
It was noted generally that decreasing and increasing the speed 
and increasing and decreasing the liquid feed rate produced corresponding 
increases and decreases in the liquid film thickness. 
2.1.2 Photographic Methods 
A high speed Fastax cine camera was used to examine the removal 
of solid particles from the liquid film. The position of the 
camera in relation to the. rotor can be seen in the photograph on page 5. 
The shape of the rotor can also be seen. It was essentially bowl 
shaped having a relatively long inside surface and a short outer one 
about ~" long. 
So that the particles. could be clearly seen, colour film was used 
and liquid paraffin was fed to the machine with small potassium dichromate 
crystals, which are bright red, mixed in with the feed. The speed of the 
camera was of the order of 7000 frames per second. 
A sequence of photographs showing a crystal leaving the liquid film 
1S· shown on page 6. It is interesting to note the 'tail' of liquid 
trailing behind the crystal, evidently having been detached from the film 
with the particle and subsequently separated from the particle by air drag. 
Photographs were also taken of the wave motion on water films under 
various conditions and some of these are shown on page 7. The first 
photograph is typical of the wave patterns obtained at low speeds of 
5. 
HIGH SPEED CAMERA AND ROTOR USED DURING 
PRELlMINARY EXPERIMENTS . 
6. 
HIGH SPEED CINE RECORD OF PARTICLE ESCAPE 
7. 
No . l 
No . 2 . 
No . 3 
WA~ FORMATIONS 
8. 
revolution. The waves are in groups and essentially tangential, 
although at larger radii the wave motion is less symmetrical. The 
second photograph shows the wave patterns obtained at higher speeds of rev-
olution where the waves became more helical. Finally, the third 
photograph shows the completely random wave pattern obtained at high speeds 
of revolution. 
2.2. QUANTITATIVE 
It is evident from the theoretical treatments, of liquid film 
flow described later in section 3., that one of the most important para-
meters of film flow is the film thickness. This is to some extent confirmed 
when one considers the effort and ingenuity that has been devoted to 
measuring this quantity. There now exists a considerable amount of 
experimental data about the thickness of liquid films on vertical and 
inclined surfaces, but very little on the thickness of _liquids flowing 
on rotating surfaces. 
The interest in measuring film, thicknesses has produced a variety 
of experimental techniques which are described briefly in section 3. 
However the number and variety of methods employed is indicative of 
the difficulties involved in accurately measuring this quantity, 
even on stationary surfaces. Therefore it was apparent that the 
problem of measuring the thickness of a liquid film flowing on a 
rotating surface, on which it may be travelling circumferentially at 
20 miles per hour or more relative to a ,stationary observer, would· present 
some difficulty. 
A cursory assessment of the methods of thickness measurement 
previously employed shows that a number of .them are not suitable for this 
particular application. However a shadow photometer method used by 
Grimley (53) appeared to be suitable and, therefore it was tried so that 
its potential as an accurate measurement technique could be evaluated 
and also to give the approximate range of thicknesses involved. 
OPTICAL SHADOW TECHNIQUE 
DIAGRATICAL REPRESENTATION OF METHOD 
RAZOR BLADE SLIT 
SCREEN 
LIGHT SOURCE 
FIG.2.1. 
10. 
A diagramatic sketch of the optical system used is shown in figure 
2.1. and the shape. of 'the rotor that was used is shown in drawing No. 3. 
in the appendix. Two razor blades 'formedthe slit in front of the 
light 'source, which-threw a diverging beam of light onto the screen. 
The apparatus was arranged so that the top periphery of the rotor 
was in the light beam andthr_ew a shadow onto the screen. ,/hen 
a liquid was fed to the 'machine the variation in thickness of the film 
was followed by a corresponding deflection in·the shadow boundary. 
The amount of deflection obtained-depended -purely. on the' geometry of 
the system and therefore to obtain a -good enlargement of the deflection 
it was necessary to arrange the 'slit to be as close as possible to 
the-periphery and the screen as far away as possible. 
The optical system was calibrated by measuring the deflection of 
an object of known thickness and the speed of the rotor was recorded 
using a tachometer. Using this system a number of measurements of 
film thicknesses for water were obtained at a number of rotor speeds and 
water feed rates. These results are presented in figure 2.2. in the 
form of a relationship between a dimensionless film thickness and the 
film Reynold's number. 
2.3. CONCLUSIONS 
The observations, both visual and photographic, provided a 
good insight into the performance of the machine as a particle 
separator and a'good qualitative evaluation of the flow of liquid films 
over rotating surfaces. 
It was found that the shadow photometer method of film thickness 
measurement, in the form that it was used in the preliminary experiments, 
was not accurate enough without major refinements. The main disadvantages 
were:-
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(a) the division between the light area and the shadow was vague, 
which introduced considerable error in measuring the deflection of the 
image. 
(b) the film thickness obtained was the maximum film thickness 
when a mean film thickness was preferable. 
(c) the method was inconvenient requiring a considerable amount 
of room and operation in more or less total darkness. 
In spiteof·the· difficulties experienced in operating the 
optical system, it did provide a guide to the order of magnitude of 
film thicknesses to be expected. However, after surveying the other 
methods of film thickness measurement available, it was decided to 
devel:op a new method employing a S - backscatter guage which has been 
used extensively for monitoring the thickness of various coatings in 
industry. 
13. 
LITERATURE SURVEY 
3.1 Introduction 
3.2 Dimensionless groups and types of film flow. 
3.3 Theoretical'considerations of film flow. 
1. Laminar ,flow. 
2. Onset of wavy flow 
3. Wavy laminar flow 
4. Turbulent flow. 
5. Film flow with an adjacent stream. 
6. Film flow ,in a centrifugal field. 
7. Entrance and exit effects. 
3.4 Experimental results of film flow and comparison with theory. 
1. Film thicknesses. 
1.1 Review of experimental methods. 
1.2 Experimental results. 
2. Onset of wavy flow. 
3. Surface waves 
4. Ons et of 'turbulence.' 
5; Effect of wall roughness. 
6. Film velocities and velocity. profiles. 
7. Effect of surface active agents and changes in surface tension. 
8. Viscosity variations in thin films. 
9. Film flow on rotating surfaces. 
10., Entrainment; 
3.5 Coanda effect. 
3.6 Separation of solid particles from,liquid films. 
14. 
3.1 INTRODUCTION 
There are an ever increasing number of applications of 
liquid film flow in-the engineering industries. Knowledge of the 
flow of liquid films is being applied to the design of road drainage 
systems and dam spillways, while in the field of chemical engineering 
extensive use is made of liquid film flow in the various unit operations. 
The experimental and theoretical knowledge that has been obtained is 
utilised in the design of falling film exchangers, packed and wetted 
wall absorbtion columns, vapour condensers, evaporators of various 
designs and other equipment. 
Film flow is strictly a particular Case of two phase flow. 
In this work, . although free liquid sheets (liquid sheets with two 
free boundaries) will be mentioned in connection with the discharge 
of liquids from rotating devices, it is intended that only films 
bounded by one free surface and one solid surface will be considered in 
any detail. 
A number of reviews of the literature. concerning liquid film 
flow have already been published, namely those of Portalski (94) 
and Fulford (49, 50). Although it is not intended to duplicate, it is 
necessary-, to review the literature to date, especially those sections 
which have a particular relevance to this present work. 
3.2. DIMENSIONLESS GROUPS AND TYPES OF FILM FLOW 
Dimensional analysis of film flow by Fulford (49) has indicated 
that it may be dependant upon a number of dimensionless groups including 
the Reynold's, Weber and Froude numbers, a dimensionless shear at 
the film surface and a Strouhal number which takes into account the 
frequency of the surface waves. However, of these, only the Reynold's, 
Weber and Froude numbers appear to have particular significance. 
For film flow the characteristic dimension of length in the 
Reynold's number is replaced by the average film thickness, b, and the 
15· 
-velocity used is the mean stream velocity u, so that 
ub 
= 
\J 
This definition of Reynold's number has been used by a number of authors, 
Brauer (18), Benjamin (9) and Fulford (49, 50). However, a Reynold's 
number ·four times as large based on the hydraulic radius of an 
infinitely wide film has come into common usage, not only: in this 
\ 
country, but in the U.S.S.R. and the U.S.A. Therefore, this 
definition of Reynold's number will be adopted throughout this work. 
= 3.2 
The two remaining important dimensionless groups, the Weber and Froude, 
are defined·as 
NWE = U I (.£.-)~ 
pb 
3.3 
-
NFR = u , 
(gb)~ 
The Froude number has been used by a number of investigators, 
Belkin et al (8), Brauer (18), and.Jackson (66), as the principle 
group with which to correlate their results. The relationship 
between the Froude and Reynold's numbers with respect to liquid film 
flow has been discussed by Portalski (97). Jackson (66) points out 
that the Froude number defined in equation 3.4. is the ratio between the 
average velocity of the liquid stream and the velocity of propagation 
of a shallow wave, owing to the fact that for long gravity waves in a 
shallow, horizontal channel· the velocity of propagation has been found by 
Lamb (77) to be given by 
Uw = 3.5 
16. 
The point at which the Froude number equals unity represents a critical 
point at which waves appear in the film flow. 
Belkin et al (8) developed an expression which includes both the 
Reynold's number and the Froude number as functions of a dimensionless 
thickness parameter, 
1 2 
0.397 
2 
3 3.6 
Brauer (18) arranged a composite group of dimensionless numbers 
to correlate film turbulence inception data. His expression for 
turbulence inception is given by 
= 9 1 ~ 3.7 
where ~ is a dimensionless physical properties group defined as 
= 3.8 
In the theoretical treatment by Massot et al (85) several 
dimensionless groups are introduced, including a fluid properties 
number very similar to that defined by equation 3.8., thus 
= 3.9 
From this treatment the Weber number emerges as the governing factor. 
In analogy to pipe flow there is a critical Reynold' s number 
below which the flow is laminar and above which the film flow becomes 
increasingly turbulent. However, owing to the fact that in thin 
film flow a significant proportion of the flow even at high Reynold's 
numbers is occupied by a laminar boundary layer, the transition from 
laminar· to turbulent flow is not as distinct as it is in pipe flow. 
The presence of the free surface in liquid film flow makes the 
classification of different flow regimes more difficult because, according 
to the values of the Froude and the Weber numbers, the surface may be 
covered with gravity or capillary waves. Thus thin film flow may be 
divided into smooth· laminar; wavy laminar ·or turbulent flow. 
The interelation between the. various flow regimes and the depth 
and velocity of the film is illustrated by Robertson et ·al (101) 
and is shown in figure 3.1. Also included in the graph is an area 
of smooth turbulent flow which is possible in thicker films. 
3.3 THEORETICAL CONSIDERATIONS OF FILM FLOW 
3.3.1. Laminar Flow 
3.3.1.1 Basic equations 
The.most general equations describing the flow of a laminar 
incompressible fluid are· the Navier-Stokes equations. These may be 
written in rectangular coordinates x, y and z, as follows: 
au V au + au au an 1-. ap + a2u a2 u a 2u u-+ w -+ - =- v (axz + V azz) ax . ay az at ax ax p 3.10 
av vlY.+ .£!.+ av an 1-.~+ (a 2v + a2v a 2v u-+ w - =- v ayz+ 3zT ax ay az at ay p ay axz 3.11 
aw aw + aw aw an 1-.~+ a2w a2w a2w u-+ v w -+ -= 
- az- v (a;<7 + ay;: + azz) ax ay az at p az 3.12 
where u, v and w are the velocities ·in·the x, y and z.directions, 
p and v are the fluid density and kinetic viscosity respectively, p 1S the 
pressure and n is the force potential of the field. These equations 
apply for fluids of constant physical. properties. 
The continuity equation must also be satisfied.and this can be·writ-
ten.in·the form, 
au + av + aw 
- 0 
ax ay az 3.13 
u 
9 
w 
> 
-. 
_._-----------------------------
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In gravity fields the negative derivatives of n are equal 
to the components of gravity in the respective directions. Where a 
centrifugal ·field is also operative the negative derivatives of n 
are equal to the sum of the components of the gravity and centrifugal 
forces in ·the respective directions. 
3.1.1.2. Smooth two dimensional film flow 
Considering the case of steady, uniform, two-dimensional 
flow in a gravity field equations 3.10., 3.11., and 3.12. 
reduce to 
2 ~ + ~ sin e = 0 dy v 
~ 
dy 
~ 
dz 
= 
= 
pg cos e 
o 
3.14. 
3.15· 
where e is the slope. of ·the plane to the horizontal. The x-axis 
is ditected along the plane, the y-axis 'perpendicular to the plane and 
the z-axis across the plane. The above equations, ·3.14 - 3.16, 
were first deduced 'by Hopf .( 63) and Nusselt· (89) . 
If the ideal situation is now considered where t'here is no 
slip at the wall, i.e. u = 0 when y = 0, and there is no interfacial 
l ' . , ,~ drag at the gas lqUld lnterface, 1.e. dy = 0 
3.14 becomes an integration 
u = ~ sin e (by 
v 
at y = b, then equation 
By inspection of equation 3.17 it is obvious that the velocity profile 
lS semiparabolic and that the surface velocity can be written as 
u 
s 
= 
~ 
2v sin e 3.18 
20. 
An expression for the mean film velocity may be obtained by 
integrating equation 3.17. from y = 0 to Y = b. 
u = ~ 3v sin S 
\velocity 
Thus the ratio of surfaceAto mean velocity is given by 
Us 
u 
= 1.5 
Equation 3.10 may be rewritten either as an expression of mean 
velocity or film thickness in terms of Reynold's number as defined 
by equation 3.2., thus 
1 1 
-u = (Si sinSv )3 NRE 3 48 
1 1 
b = 
3v2 
(4gsinS) 3 NRE 3 
The ch'ezy formula for open channel flow,derived from·the 
Bernoulli equation, can be written in the form 
2 Si b sin S 
f 
".------
3.19 
3.20 
3.21 
3.22 
3.23 
for the flow in an infinitely wide inclined channel. From equations 
3.2., 3.19. and 3.23. it can be shown that 
f = 
24 
NRE 
Axisymmetric smooth filIn-f.low 
By consideration of the visions shear forces, the frictional 
force· and the gravitational force the basic equation of·motion for film 
flow on a vertical cylindrical surfa~e is found to be 
d2 1 
..--!:!. + 
dr2 r 
du 
dr = 3.25 
where r is the radial component. Implementing the following boundary 
conditions for a tube of radius R, 
u = 0 whenr = R (no slip at the wall) 
21. 
du dr = 0 when r = R + b (no interfacial drag). 
we get 
Equation 3.24 applies to instances where the flow is on the outside 
of the tube. For flow on.the inside surface of the tube the second 
boundary condition is changed, the interface being at r = R - b. 
Equations similar to equations 3.26 have been derived by 
Jackson (66), Grimley (53) and Feind (45). 
Slight.deviations of the tube from the vertical has important 
consequences in industrial applications of film flow because the mal-
distribution of liquid may influence the mass transfer processes 
considerably. This aspect. has been examined theoretically and 
experimentally by Butterworth (23). It was pointed out that it is 
probably more important, from a practical point of view, to know what 
circumstances give a severe maldistribution than to know what precisely 
the distribution is. In this respect it was shown that·the dimensionless 
group 
Z = Z tan ~ R 
where z is the axial distance 
~ angle of rod from vertical 
R radius of rod 
3.27 
was of particular significance, it being important to keep the value 
of z·as small as possible, preferably below 0.25 to obtain a good 
distribution. 
3.3.1.4. Three dimensional film flow 
The flow of, liquid films in channels with side walls is a 
three dimensional problem owing to wall effects. Th~se wall effects 
22. 
take the form of V1SCOUS drag and capillary effects, which increase the 
local film thickness at the walls. 
A number of equations have been derived for the velocity 
distribution and flow rate of liquid film flow in channels, notably 
those by Cornish (31), Fulford (49), Hopf (63) and Owen (91). 
3.3.2. Onset of wavy flow. 
It has been observed by many experimenters that·interfacial 
disturbances in liquid film flow on vertical surfaces occur well within the 
laminar region. However, it has also been noted that the onset of 
interfacial disturbances in films flowing down inclined planes is 
delayed until a higher value of Reynold's number is reached and in the case 
of near horizontal films the transition does not become apparent until 
well into the turbulent region. 
A number of theoretical treatments of this problem have been 
published. The method employed is often similar, involving the introduc-
tion of small perturbations in the Navier-Stokes equations leading to 
equations of the Orr-somerfield type, which are solved approximately. 
The solutions are very long and therefore their details will be omitted 
and only the general conclusions quoted. 
yih (121) solved the Orr-Somerfield equations by a series 
expansion and showed from his numerical·calculations that the 
approximate critical Reynold's number for wave inception for vertical 
film flow was 6,0. This treatment omitted surface tension forces. 
Kapitsa's treatment (70) of ·this ·problem, which is only strictly 
applicable to long waves, indicates a critical value of Reynold's number 
for vertical surfaces of 11.6. 
The detailed analysis of.film flow on inclined surfaces by 
Benjamin (9), taking into account the effect of capillary forces, 
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produced a relationship for neutral stability which can be written as 
where I). = 
1 
sine)3+ 
0.0000639 
16 
16 cot e 
3 NRE 
8 
--+ 5 
For vertical surfaces the above expression shows that the flow lS 
unstable for all finite values.of Reynold's number. However, for 
surfaces where 0 <: e < 900 stability does occur for sufficiently small 
values of Reynold' s number •. The stabilizing effect of surface tension 
is· demonstrated, although it is stressed that surface tension cannot produce 
complete stability, it may stabilize waves whose wave-length is less 
than a certain limit. An expression for ·the. amplification of waves 
of maximum instability travelling a distance of 10 cm derived by 
Benj amin (9, 10) can be written in ·the form. 
,2 2 1 ] [ 0.06848 ,,3 g 3 p NRE 3 3.29 A = exp 
Cl 
This expression is·represented graphically in ·figure 3.2. for water 
at ·200 C showing that the amplification of waves ,increases rapidly 
above about NRE =16.0. 
The analysis of Benjamin was extended by Binnie using the same 
basic equations to cover the case of values of e other than 900 •. 
His final expression for· the amplitude of a·wave of maximum instability 
travelling 10 cm can be written as· 
A = exp [ 5.407 
For neutral stability (A 
= 2 6 cot e 
= 
(.!±. _ £ cote. 
5 3 R ) 
1) the above 
2 
2 2 1 ] 3 ~ (g sine) 3 NRE 3 3.30 Cl 
relationship reduces to 
3.31 
.• '. 
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Hanratty and Hershman (56) obtained the following expression 
for neutral stability, 
cosS 
2 
NFR 
= 3 - 2 n 
It is pointed out by Hanratty and Hershman that the results of 
3.32 
Benjamin could be expressed in a similar form to equation 3.3.2.,viz. 
cos S 
2 
NFR 
= 
18 
5 3.33 
In a later paper, dealing specifically with the instability of a 
liquid film on the outside surface of a rotating cylinder, Yih (122) shows 
that the critical wave number is predominantly dependant on·the surface 
tension, it's dependance on Reynold's number being slight at low 
values of Reynold's number and negligible at larger values. The effect 
of viscosity is only to slow down the rate of amplification of unstable 
disturbances. 
In a more recent paper Yih (123) gives a detailed treatment of 
the stability of liquid flow down an inclined plane. Three cases are 
considered; the case of small wavenumbers, of small Reynold's numbers 
and of large wavenumbers. The results for small wavenumbers agree 
with the results of·Benjamin, but .larger wavenumbers and zero surface 
tension the results are not in agreement with Benjamin's tentative 
assertions. It is also pointed out that the·value NRE = t cot e, 
given by· Benjamin.as the critical Reynold's number below which all 
disturbances will be damped, . is in fact the value above which some disturb-
ances will be amplified. Thus neutral disturbances exist uP. to 
7T 
= o even if e is less than 2 
Massot et al (85) presented a detailed treatment of wave motion 
at the surface of a falling liquid·film. Based on a solution of the complete 
25· 
Navier-Stokes e~uations in both the x and y directions, the treatment 
provides methods of determining to a first order of approximation the 
wavelength, celerity and wave number in terms of the Weber number. 
3.3.3 Wavy Laminar film flow 
Levich (78) has shown that for the case of two dimensional 
wavy film flow the Navier Stokes e~uations may be written in the form 
~+u~ 
at ax 
a,u 
+ v ay = 
I 
p + v 3.34 
where n is the force potential in the x - direction. When the film 
an is flowing under the force of gravity only, - t; can be replaced by 
,x 
the component 'of g in the x-direction. The second boundary layer 
e~uation is 
= 0 3.35 
With the following boundary conditions, firstly at the free 
surface of the li~uid 
P = Pa (li~uid and capillary pressures e~ual) 
and (zero interfacial shear) 
and secondly at the solid wall 
u = v = 0 (no slip) 
the continuity e~uation may be expressed in the form, 
a 
- - ax 3.36 
Kapitsa's treatment (70) utilising the above e~uations omitted 
au the term v ay. This omission was created in later treatments by 
Bushmano v (22) and Levich (78). 
It is assumed that the: film velocity profile is semiparabolic 
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and can be represented by the following expression derived from 
equations 3.17 and 3.19. 
3u 
u= b 
2 
(y - ~b) 3.37 
By the subsituation of equation 3.37 in equation 3.34. and averaging 
over y,by integration with respect to y and dividing by b, it is found 
that 
g sin e 3.38 
and the ~quation of continuity takes the form 
ab a (ub) 
at = - a.x 3.39 
·Further development of this treatment yields the differential 
equation 
-)( 9 -)a~ (c-u c--u-10 a.x 3\1 ( -) - 2 c-3u XI ('5) 
3vii 
+ g sine - TElz= 0 3.40 
where ~ is the free surface deformation function defined by 
b = '5 (1 + '6l) 3.41 
For an undamped periodic solution of this equation to exist it is 
necessary for the constant term and the coefficient of ~ to be equal to 
zero, so that, to the first approximation 
and 
u = 
('5)2 g sin e 
3 \I 
-c = 3 u 
An important conclusion of this theoretical analysis is that when 
3.42 
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equation 3.42 is compared with equation 3,19 it can be seen that to a first 
approximation the film thickness is unaffected by the waviness of the flow. 
A different solution was obtained by Ishihara et al (65) 
by solving the hydraulic equation of motion for unsteady flow in an 
open channel with constant inclination. Neglecting surface tension, 
an expreqsion for the dimensionless wave celerity lS given by 
= / 6 25+ 1 S NRE 
where S is the slope of the channel. 
3.43 
More recently, Massot et al (85) have presented a more complete 
treatment of wavy film flow. Their treatment differs from that of 
,2 
Kapitsa, Bushmanov or Levich in that the term a ~ is included in the 
a,x , 
x - component equation bf motion, 'the complete y - component equation 
of ' motion is 'considered.and the variation of b with x is explicitly taken, 
into'account. 
3.3.4. Turbulent flow 
There has been relatively little attention paid to the problems 
of turbulent flow, mainly because of ' its complex nature. Theoretical 
treatments of wavy film turbulent flow have not been found and the problem 
lS usually treated as smooth turbulent flow. • 
The treatment 'of turbulent flow by Levich (78) is of interest. 
In ,considering turbulent flow with 'no interfacial shear, he deduces that 
the' scale of the turbulent eddies' and the velocity component normal to 
the gas liquid interface are proportional to the distance from the 
interface. Thus at the interface there is no turbulence, but that 
there is a viscous 
1 
2 
A c< (ov) 
p 
sub layer 
3 
11 
(-2) gh 
whose thickness is given by 
The mean velocity is given by the equation 
a 
log g,b Cb-Y) 
a v 
u = .aE. 
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Dukler and Bergelin (38) used the universal velocity profile 
equations of Van Karman (111) which defines turbulent flow in terms of two 
+ + parameters u and y which are defined as 
28. 
u 
+ r-F u = . p 3.46 
+ p I¥-y = y e 
)J 
Experimental data for pipe flow has shown the existance of three 
regions: a laminar sublayer, a buffer region and a turbulent zone. 
It is found that ·the following equations are valid for the ranges of 
+ y indicated. 
For the laminar sublayer 
+ + 
u = y 3.48 
fur the buffer zone 
+ + 
u - - 3. 05 + 5.0 In y+ , 5 < y < 30 
For the turbulent zone 
+ + 
u =5.5+2.51ny 3.50 
where the dimensionless film thickness parameter b+ ls.defined as 
= 
b!F 3·51 
)J 
The liquid flow rate per unit length of wetted periphery follows 
in terms of the universal parameters, thus 
Q = 3·52 
The integration of equation 3.52 can be accomplished by dividing 
it into .three parts limited by the boundary conditions for the three 
regions and substituting for u+ the appropriate equation. 
5 + 
J Y 
o 
dy + 
30 
J 
5 
+ + (-3.05 + 5.0 In y ) dy 
Integration of equation 3.53 gives 
s + 64 = 3.0 b + + 2.5 b + In b + 
)J 
+ + (5.5 + 2.5 In y ) dy 
3·53 
3.54 
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Dukler and Bergelin claimed that from equation 3.54, for any flow rate, 
+ b could be evaluated. However it has subsequently been shown by 
Portalski (94, 95, 96), ,that equation 3.54 is only valid for b "'>30 
+ 
and alternative expressions are given for b < 30. 
In the absence of drag at the free surface the wall shear 
stress must support the total body force on the film, so that 
T = bpg sine 3·55 
Therefore by combining equation 3.55 and equation 3.51 we get 
Thus it is possible to calculate the value of b for any value of NRE 
(NRE = 4Q) using equations 3.56 and 3.54. 
v 
According to this treatment of turbulent flow, 'the film becomes 
+ turbulent when b = 30. Substitution of this value in equation '3.54 
gives 
= 1125 
The theoretical treatment by Calvert and Williams (24) deals with 
the change of momentum between the gas and liquid phases across the 
interface, the pressure drop in the gas phase being an important factor. 
Dukler' streatment (37), which will not be detailed, utilises 
a more sophisticated dimensionless velocity profile involving a computer 
solution. 
3.3·5. Film flow with an adjoining stream 
Where the phase adjoining the liquid film is a relatively heavy one, 
it has been shown by F 9.11ah et al (44) that the equations derived for 
laminar two dimensional flow in section 3.1.1.2. are valid if the effective 
specific gravity (p-pc) replaces the fluid specific gravity 1" and ,the 
interfacial drag is negligible. 
Where the interfacial drag is significant the equations of 
motion in section 3.1.1.2. still apply but the boundary conditions 
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du 0 at b = y = dy must be changed to one of two alternatives. 
du T 
= dy ~ at y = b 
in which case 
2 ~ u = ~ (by L) sinS 2 Il 3.57 
or U = U at y = b s 
where Us is the surface velocity. (Us" 1.5 u), in which case 
u = .e.5. (by - i) S1n S + ~ 2~ b 
For the case of wavy laminar flow with an adjoining gas stream, 
Kapitsa (71) derived a relationship between the film thickness, the 
liquid flow rate and the mean gas velocity. It is found that to a first 
approximation that 
p g (- )2 2-
-'Sug-c Qb ag S1n 
2.4 \J Q 
g sin S = 0 3.59 
+ 
where the - sign refers to counter current and cocurrent flow respectively 
Kapitsa points out that for cocurrent flow b decreases with increasing 
ug and that the flow is always stable. However, for countercurrent 
flow increase in ug causes an increase in b and will eventually become 
unstable. 
An analysis of turbulent flow with an adjoining gas stream has been 
made by Dukler (37). This has already been mentioned in section 3.3.4. 
3.3.6. Film flow in a centrifugal field-
Compared with the considerable amount of published work describing 
the flow of liquid films in gravitational fields, there has been relatively 
little concerned with the flow of liquid films in gravitational fields. 
In a theoretical treatment of the performance of a centrifugal boiler 
compression still, Bromley (19) suggests that where the centrifugal force 
field is large compared with gravity then gsinS may be replaced by 4rr2rN2sin~. 
Espig (42) and Espig and Hoyle (43) used a similar substitution to correlate 
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film thickness measurements of a film flowing on a rotating disc. By 
this method, for laminar flow, equation 3.22 may be written in the form 
1 
3 = b 
NRE 
1 
(2 Dw2 sin~ )3 
3 v 2 
The theoretical treatment of Hinze and Milborn (62) of the 
3.60 
flow of a liquid film ln a rotating cup results in an expression for the 
film thickness, which when rearranged is identical to equation 3.60. 
3.3.7. Entrance and exit effects 
The majority of the theoretical treatments of liquid film.flow have 
been concerned with the terminal flow region; and·very little attention has 
been paid to the entrance and exit effects. 
It has been noted from visual observations by Wilkes and 
Nedderman (118) and Wendel and Pigford (113) that the flow in the entrance 
region is smooth and undisturbed when the surface of the terminal region 
is disturbed at the same Reynold's number. Wilkes and Nedderman (118) 
have analysed the entrance and exit effects by consideration of the change 
in momentum in the liquid film and have derived expressions for the change 
in film thickness at these two points. 
Bruley (21) formulated a mathematical model to represent the free 
flow over ·the leading edge of a vertical surface; The model was 
solved numerically to predictentrance·region lengths, ·film thicknesses 
and velocity profiles, The entrance length was found to be represented by 
the equation. 
(EL) = 3.61 
where for water (60oF) K = -4 6 2.013 x 10 ,k = 1.3 95. 
Values of the entrance length for water at various Reynold's numbers 
is given in figure 3.3. 
32. 
3'.4 EXPERIMENTAL RESULTS OF FILM FLOW AND COMPARISON WITH THEORY 
3.4.1. Film'Thicknesses 
3.4.1.1 Review of·Experimental Methods 
A knowledge of the thickness of liquid films is of considerable 
importance in the design of equipment and the theoretical analysis 
of the processes involved. Such processes might involve heat transfer 
in evaporators and condensers, and mass transfer in film-type equipment such 
as centrifugal absorbers and evaporators and wetted wall columns. 
As a result of its importance to film flow, a number of methods have 
been devised. and used with varying degrees of success, to establish film 
thicknesses. These will be dealt with individually and some indication 
of their relative merits and particular disadvantages given. 
Since waves and ripples are naturally present on most falling liquid 
films, ·the term 'liquid film thickness' needs to be defined. There 
are three concepts in common use, firstly the maximum film thickness which, 
as it implies, is the height of the highest wave crests. Secondly 
there is the· residual film thickness which is the film thickness at 
its minimal point and finally the mean film thickness which, although 
apparently self-explanatory, does depend to some extent on the method 
of measurement employed. 
3.4.1.1. A. Direct Methods using·a Micrometer Gauge. 
This method by Hopf (63), Kirkbride (72), Hanratty and Engen (55), 
Binnie (16, 17), Jaymond (67), Jeffreys (68), Reinus (99) and more recently 
by Goodridge and Gartside (52). It is only suitable for truly laminar 
, 
flow. Under any other conditions the height of·the wave crests is obtain-
ed. rather than the mean film thickness, 
3.4.1.1. B. Refined·Probe Methods. 
This method again employs a micrometer gauge but the system is 
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normally slightly modified to incorporate an electrical circuit to 
detect the point of contact between the probe and the liquid surface. 
It has been used by Brauer (18), Hewitt et al (57), Pennie and Belanger (92) 
and Espig (42). 
Similar critisism may be made of this method as was made for 
section 3.4.1.1.A. However of more importance is the fact that the 
probe employed in both cases, no matter how small it is constructed, will 
disturb the flow and the readings obtained will refer to that disturbed 
region, which may be completely dissimilar to the undisturbed region. 
3.4.1.1. C. Photographic Methods 
When a film flows down_a suitable surface it can be viewed in 
profile and the profile recorded and analysed photographically. This-type 
of-method has been employed by Belkin et al (8), Wilkes and-Nedderman 
(118), Ratcliff and Reid (98) and Abramson (2). 
The advantage of this method over the techniques already mentioned 
is that it does not disturb the film while measurements are being made. 
However there are disadvantages. The photographs tend to indicate a higher 
value of film thickness owing to the fact that wave crests often mask wave 
troughs on the boundary of the image. This according to Belkin et al (8) 
can have a substantial effect, "It is possible for such an effect to make 
the reported thicknesses as much as 5 to 10% too high." 
3.4.1.1. D. Drainage Techniques 
This method is -basically simple, involving cutting off the 
supply of liquid to the column or plate and collecting the liquid on 
the apparatus. From the amount of liquid-collected and the known wetted 
area of the apparatus the average film thickness can be com]llted. 
This method has been used by Cooper et al (29), Fallah et al (44), 
Friedman and Miller (48) and Brotz (20). Improved versions of this 
technique have been employed by Fulford (49), Portalski (94), Thomas 
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and Portalski (109), Cooper and Willey (30) and Butterworth (23). 
3.4.1010 ~E •. ~ Electrical Capacitance Methods 
This is an accurate technique inVOlving the measurement 
of the capacity of·the air and water gap between the flow plate and a 
probe. It has been successfully used by Dukler and Bergelin (38), 
Hewitt et al (57) and Portalski (94). By reducing the dimensions 
of the probe to smaller than· that of the wavelength of the waves . 
it is possible to extend this technique to the evaluation of wave 
pr6files. 
3.4.1010 F. Electrical Resistance. 
Measurement of ·the film thickness is achieved by measuring 
the resistance. between two probes set in the channel wall. 'Again 
this is 'an indirect method capable of high accuracy. It has been 
employed by Bennett and Thorton (13), Collier and He.witt (28), 
Grimley (53), Hewitt et al (57), and Van Rossum (110). 
3.4.1010 G. Light Extinction 
The principle of this technique 1S to pass a beam of light 
through the~liquid film and monitor the intensity of the light beam as it 
leaves the film, the amount of light absorbed being a function of the 
film thickness. It is usually necessary to add a dyestuff to the 
liquid, which is a distinct disadvantage as it may influence the physical 
properties ·of the liquid. Another important disadvantage is the 
reflection and refraction of the light beam due to surface disturbances. 
The effects of reflection and refraction have been investigated by 
Hewitt and Lovegrove. (59). This method has been utilised by Lilleleht 
and Hanratty. (80) and Hewitt and Lovegrove (59). 
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3.4.1.1. H. Radioactive Tracer 
Jackson (66) measured film thicknesses by adding a trace of radio-
active material, in this case yttrium 90, to the li~uid and monitoring the 
radiation emitted. The method is rapid and accurate and gives an 
average film thickness. 
3.4.1.1. 1. Shadow photometry 
This involves projecting the silhouette of the surface drum on 
which the li~uid is to flow, with and without the li~uid film present. 
The deflection of the boundary of the silhouette indicates the film 
thickness, the actual amount of deflection depending upon the geometry 
of the system. It has been used by Grimley (53). 
Shadow photometry suffers from the same disadvantages as 
the photographic methods (3.4.l.l.C.) in that the wave crests mask 
the wave troughs on the image boundary. Also it is only possible 
to apply this method in certain geometrical cases and if there are 
variations in thickness the image becomes blurred and inaccurate. 
3.4.1.2. Experimental results 
A number of different methods of presenting film thickness 
data are to be found in the published literature. The most straight 
forward of these is to plot the measured film thickness against the 
film Reynold's number or feed rate. However, this has the distinct 
disadvantage of giving different CUrves for each li~uid, so making 
the effects of changes in the physical properties of the li~uids 
difficult to predict. This method has been.used by Friedman and 
Miller (48) and Pennie and Balanger (92). 
Hopf (63) presented his results in the form of a plot of an 
apparent viscosity against Reynold's number. This method illustrates 
very well the transition to turbulent flow, because at this point the app-
arent viscosity no longer e~uals the true viscosity. 
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Fallah et al (44) used a generalised form of the laminar equations 
in section 3.3.1.1. and plotted the film thickness against 
for experiments on the flow of liquid films down the inside 
surface of vertical tubes, where the core fluid was either air or 
an oil. Jackson (66) used a similar correlation neglecting pc. 
A method more widely used is the friction factor correlation. 
From equation-3;23 it can be shown that 
f = 3.62 
which indicates that the friction factor can be regarded as a 
dimensionless film thickness parameter. Thus a plot of f against 
Reynold's number should give a reasonable correlation for all liquids 
and this method has been employed by a number of investigators 
including Kirkbride (72) and Monrad and Badger (88). It is to be noted 
that the correlation only gives a true value of f when the film flow 
is truly laminar in a wide channel, but at higher flow rates the group 
may still be regarded-as representing a dimensionless film thickness. 
However, Fulford (49) has shown that for wavy film flow the true value of 
the friction factor calculated from shear stress measurements differs 
from the value given by equation 3.62 .. 
Finally, there is method which has become generally prefered 
and utilises what has become to be known as the Nusselt film thickness 
parameter. This is obtained by generalising and rearranging equation 3.22 
in the form 
1 
g sin e 3 b ( .... ~"'--'-) 
,,2 = 3.63 
The left hand side of equation 3.63 is a dimensionless film thickness 
and is known as the Nusselt film thickness parameter. For films 
flowing on surfaces with an adjoining gas stream, pc can be ignored. 
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A graph is usually drawn on log-log graph paper of NT against 
I NRE , which in the laminar region yields a straight line of slope 3 . 
It ,has been found that this type of correlation is successful in 
correlating data for all liquids on various slopes flowing under 
gravity and in different flow regimes, although for the latter the 
I line obtained has a slope other than 3' 
More' recently this correlation has been used in a slightly 
modified form to correlate film thickness measurements of water 
films on a rotating disc by Hoyle and Espig (43). The component of 
gravity, g sine, was replaced'by the component of the centrifugal 
force, (Dw2 ) cos ~ 
2 
There are a large number of film thickness measurements 
reported in the literature for a'wide range of liquids flowing down 
surfaces, whose slopes vary from vertical to a fraction of a degree to 
the horizontal. A large proportion of the earlier results were 
obtained using a simple micrometer or drainage technique, which did not give 
a high degree of accuracy. 
Some of the more recent measurements of mean film thickness 
obtained by a variety of methods by Portalski (95), Jackson (66) and Dukler 
and Bergelin (38) have 'been recalculated and presented in figure 3.4. 
It is of interest to note that there 2S a distinct: reduction in the film 
thickness in the wavy laminar region as predicted by the Kapitsa 
theory, for which the relationship between the Nusselt parameter and 
Reynold's number can be written as 
= 0.845 3.64 
Portalski (95) found that, except where surface active agents were 
added to suppress rippling, the Kapitsa theory correlated better with the 
experimental results than the Nusselt theory, in the range for which they 
were intended. This indicates that the liquid film is thinner than is 
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indicated by the Nusselt correlation. He also shows that the li'l.uid 
films on which rippling had been suppressed by surface active agents 
were thicker than those with ripples at corresponding flow rates. 
His results also indicate that at lower feed rates the discrepancy 
between the experimental results and the Nusselt correlation increases 
However these results are in conflict with the conclusions of Fulford 
(49), who found that measurements of film thickness tended towards the Nusselt 
line in the laminar region. 
Jackson's (66) experimental techni'l.ue has been critisised by 
Portalski" (96). Jackson's method of film thickness measurement, which 
employed a radioactive tracer, ·used the following expression. 
b = C Ac 
where C is a constant. 
Ac activity registered by the scaling unit counts/sec. The 
constant, C, was evaluated by operating the column under conditions where 
the film thickness can be calculated from e'l.uation 3.22. In the light 
of Portalski's (96) own conclusions it is a valid critisism because 
the method of calibration automatically fixes the results at low flow 
rates onto the Nusselt line. However, in view of the more recent 
work of Fulford (49) it would appear that the method of calibration lS 
justified. 
Feind (45) investigated the flow of li'l.uid films down the 
inside of vertical tubes using an improved drainage techni'l.ue. Water 
and various concentrations of water and ethylene glycol solutions were 
used to provide a wide range of viscosities. A number of empirical 
e'l.uations were derived by Feind covering ranges defined by the physical 
properties group ~. 
For the range 2.88 ~~O.l<NRE <>.40 ~ -0.1 
. 2 1 N ' -0.11 
b = vIO.025 (3~)3 (~E)0.333 vI 3.66 
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For the range 5.401),-0.1 < NRE < 24.01),-0.1 
b· = 
F th 24.0 ~-O.l < or. erange . F 
b = 
NRE 0.333 
(-4-) 
where "1 is 'a 'relative viscosity' given as 
" = 1 6 
-6 
"/0. 10 m?s 
-0.03 
''1 
0.025 
''1 
3.67 
3.68 
3.69 
Goodridge and'Gartside (52) investigated film flow in channels 
at small angles of inclination. It was found that when the channel· 
was nearly horizontal (e .<.0.20 ) ripple free laminar film flow existed at 
all flow rates investigated (Re· <900). Also it was concluded that 
the film thickness .did not obey the relationship expressed in. equation 
3.22, unless the angle of inclination was greater than 0.1°. 
From the investigation of liquid film flow in channels, where the 
o 0 inclination to the horizontal varied between 7.5' and 90 , Fulford 
(49) that for the range 120 < NRE < 1200 the results were represented 
by the relationship 
= 1.28 (sine )- 0.065 3.70 
A number of empirical relati,onships are to be. found in the literature 
. for the turbulent region of film flow. For the region NRE > 1600, . 
Br.auer's . (18) results can be. represented by 
8 
= 0.208 N 15 RE 
Feind's (45) expression for turbulent flow can be written as 
= 
and·that·of Brotz (20) as 
3.72 
---------- ---
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0.136 
In general it can be seen that the expressions for the turbulent 
region are of the form 
N-T = 
where Cl is a constant and n is the power of the film Reynold's 
number varying between ~ and ~. 
3.73 
3.74 
When the liquid film is in contact with a moving gas stream 
it is found that, as the gas stream is increased the mean film thickness 
for a given liquid flow rate decreases for cocurrent flow and increases 
for countercurrent flow. This has been confirmed experimentally by 
Hewitt et al (57), Fulford (49), Grimley (54) Hewitt et al (58) and 
Thomas and Portalski (109). 
3.4.2. Onset of Wavy Motion 
The theoretical background to this problem has already been 
dealt with in some detail in section 3.3.2. 
The experimental work of Friedman and Miller (48) indicated 
that the onset of interfacial disturbances occured at a Reynold's number 
between 20 and 30. Grimley (53, 54) proposed the following expression for 
the Reynold's number at which wave inception occured. 
= 1.162 3.75 -
For water this expression gives a Reynold's number Of-approximately 
25· 
Later, Brauer (18) from experimental results taken from the flow 
of water and aqueous diethylene glycol solutions down vertical tubes, 
put forward the relationship 
= 1.224 3.76 
42. 
Other individual values of the Reynold's number for wave inception 
are to be found in the literature. Binnie (15) from observations 
of the flow of water films down the outside of vertical tubes found 
Bird (17) found that NRE . lay between- 4 and 25. 
,1 
Binnie (16) obtained experimental values of the Reynold's number 
for wave inception at several small angle of inclination up to 
o 2.75, employing several methods of wave 'detection including a 
capacitance method. Fulford (49) has made similar measurements 
o for angles of inclination up to 90 • 
The few experimental results available are slightly 
higher than predicted by the various 'theories (section 3.2.2.) 
but do follow a similar relationship with the angle of inclination 
of the surface or channel. 
It is interesting to note that'Binnie (16) carried out 
his experiments using several different methods of detection including 
visual observation and a capacitance method. These indicate that 
when a more sensitive method of detection is employed a lower value 
of Re. is' obtained., 
1 
As the waves at low rates of flow are'small 
and difficult to detect, it would appear that as more sensitive 
methods are used, the nearer are the experimental results to the 
theoretical predictions. This is particularly apparent when considering 
Benjamin's (9) theory with regard to vertical surfaces on which it 
predicts instabilities to be present at all flow rates. 
rates. 
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Surface Waves 
Waves appear on the surface of li~uid film at almost all\flow 
They have been observed by numerous investigators (11, 15, 16, 
39, 40, 45, 49, 54, 65, 68, 74, 80,81, 86, 98,106,107, 108, 109,110), 
under various conditions. It has already been shown in section 3.3.3., 
that a theoretical description of wavy flow is very difficult owing 
to its complex nature and experimental investigators have experienced 
similar difficulty. 
Visually the condition of the surface of a li~uid film can 
be divided into a number of ,regions. At very low flow rates the film 
surface is smooth and rippJ'e free. At slightly higher flow rates small' 
regular two-dimensional waves appear, which in channel flow extend 
across the whole width of the stream. As the flow rate is increased 
further, the waves ,become less symmetrical in shape and tend to become 
'roll waves' with steep leading fronts and a sloping tail. Fre~uently 
these waves are preceded by a series of smaller waves and as the flow 
rate is further increased the wave pattern becomes more random in nature 
and the roll waves are indistinguishable from the smaller waves. 
It has been noted by a number of investigators '(113, 118) 
that the film flow in the entrance region may be smooth, whereas in the 
terminal region the flow is disturbed. This has already been mentioned 
in section 3.3.7. , Also it is well known that surface active materials 
may dampen wave motion under certain conditions. This has been dealt 
with in section 3.4.7. 
As there is a very considerable ~uantity of published material' 
on the subject of wave motion on li~uid films and because they are not of 
primary importance to the particular work, only this brief account is 
given, but the reader is refered to the reviews of the relevant literature 
by Fulford (49) and Portalski (94). 
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3.4.4. Onset of turbulence in films 
A number of values of the critical Reynold's number at which 
the film flow changes from laminar to turbulent flow are reported in 
the literature. A few of these are given in figure 3.5. 
Values of·the critical Reynold's number are obtained in a number 
of ways; The most common is from a plot of mean film thickness 
against Reynold's number on a log-log scale. Characteristic 
lines can usually be drawn through the experimental data and the 
intersection of·these is taken as representing the transition. 
A similar intersection can often be discerned by plotting mass or 
heat transfer coefficients or film surface velocities against 
Reynold's number. 
INVESTIGATOR REFERENCE NRE CRITICAL 
Monrad and Badger (88) 1400 
Kirkbride (72 ) 2000 
Cooper et al (29) 2100 
Fallah et al (44) 2000 
Dukler and Bergelin (38) 1080 
Emmert and Pigford (40) 1200 
Stirba and Hart (105 ) < 1200 
Thomas and Portalski (109 ) 1160 
Belkin et al (8) 1300-2000 
Portalski (94) 1150 
Feind (45) 1600, 3200 
Fulford (49) 1040-1320 
Fig. 3.5 
-----------------------------
As one might expect from analogy with plpe flow, the change from 
laminar to turbulent flow does not appear to be distinct and the 
range.of values in figure 3.5. suggests the existence of a transition 
region between a Reynold's number of about 1200 and 2000. 
Dukler (37) considers that much effort has been misdirected 
in trying to establish at what point the transition occurs, pointing 
out that at Reynold's numbers of the order of 10,000, especially 
when there is interfacial shear, the film interface is very near the 
wall. As a result a significant portion of the film thickness, even 
at such a high Reynold's number, is in laminar motion. 
3.4.5. Effect of wall roughness 
The majority of theoretical and practical studies of liquid film 
flow have been confined to the flow of liquid films on hydrodynamically 
smooth surfaces. However, there have been a few instances where 
various roughened surfaces have been used and their effect on the 
film flow evaluated. 
Hopf (63) used channels of glass and both smooth and roughened 
brass in his experiments. It was concluded that the critical Reynold's 
number for the transition from laminar to turbulent flow was independent 
of wall roughness. 
Reinus (99) carried out experiments in a long flume which 
could be fitted with either a smooth or rough bottom surface. Two 
methods were used to create the rough surface, one by sticking sand on sheets 
of glass and the second by covering the bottom with a tightly packed mono-
layer of steel ball bearings. 1 Only channel slopes up to 250 were 
examined. 
An interesting investigation was carried out by Brauer (18) 
on the effect of surface roughness on the rate of falling film heat transfer. 
Thin wires were placed round a wetted tube above a test section where 
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the coefficient of heat transfer was measured. Various diameters of 
wire were used at differing distances above the test section. It 
was found that there was a significant increase in heat transfer, 
when the wires were reasonably close to the test section, but that 
the effect was reduced to zero as the wires were moved further away. 
It was also noted that the critical Reynold's number was lowered by the 
increase in diameter of the wires used. 
Van Rossum (110) carried out a series of experiments in a 
horizontal channel where the bottom surface was covered with plastic spheres 
0.5 - 0.75 ins. in diameter. 
It would appear that further·research in the field of film 
flow over roughened surfaces is warranted, especially when the 
indications are that·heatand mass transfer rates might be considerably 
enhanced by their use. 
3.4.6. Film velocities and velocity profiles 
The importance of being able to predict the velocity profile of 
liquid films under various conditions has been stressed by a number of 
investigators, because of the direct bearing that it has on heat and mass 
transfer rates. At present a simplified velocity distribution is normally 
assumed when dealing with such problems. 
Precise measurements of the velocity profile in liquid films 
is a rather difficult task, especially when the film is often of the 
order of 0.1 cm. or less in thickness. The use of any type of probing 
device is not really practical because, however small the probe is made, 
it will inevitably disturb the flow patterns which have been established. 
In spite of these difficulties a number of techniques have been 
developed whereby the measurement of the velocity profile of a liquid 
film is possible. 
Grimley (53) used an ultra microscopic technique with which 
to measure the velocities of small colloidal particles in a falling film. 
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It is assumed that these particles are travelling at the local velocity 
of the li~uid. By observation of different particles at various depths 
in the film it was possible, by this method, to build up the complete 
velocity profile. These results indicated that the·distribution was 
not of a ·parabolic nature, but that a maximum occ,ured below the surface 
of.the film and that nearer the wall the velocity profile was· less 
than predicted by e~uation 3.17. However, on addition of surface 
active agents, it was found that the velocity profile became more parabolic 
as the waves were damped out. 
Wilkes and Nedderman (118) used a stereoscopic photographic 
techni~ue to obtain the velocity profiles of li~uid films flowing down the 
inner surface of a vertical tube. Small bubbles of air were introduced 
into the film and the velocity of these bubbles was taken as the local 
li~uid velocity. The results obtained indicated that e~uation 3.17 was 
a true expression of the film velocity profile a:t low Reynold' s numbers. 
It was also observed that by the addition of surface active agents to 
damp the wave motion the velocity fluctuations were reduced and the 
velocity profile became parabolic, confirming the conclusions of Grimley(53). 
Owing to the difficulties in measuring the complete velocity 
profile of liquid films, a number of investigations have obtained an 
indication of the departure from semiparabolic flow by measuring the 
mean velocity and the surface velocity of ··the film. The mean velocity 
is obtained from flow rate and film thickness measurements. As 'in 
pipe flow, it is found that as the flow becomes more.turbulent the 
ratio of surface velocity to mean velocity decreases. 
Friedman and Miller (48) determined the maximum velocity by timing 
the·travel of a drop of dye, which had been introduced into the 
film, over a measured distance. Their·results cover the range of 
Reynold's numbers up to 160. At ·high flow rates this method is difficult 
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to operate owing to the diffusion of the dye and the small time intervals 
involved. It was found that the experimental data obtained sUbstantiated 
the semiparabolic velocity distribution theory for Reynold's numbers 
below 20. Above this value it was found that the interfacial velocity 
was " substantially higher than the equations for laminar flow indicated. 
Grimley (53) and Chew (25) also used the dye droplet technique to 
measure maximum film velocities. Their conclusions are in agreement 
with those of Friedman and "Miller. Although the above experiments 
have measured the maximum velocity and not the surface velocity, the 
two are synonymous for laminar flow. 
Brauer (18) reached similar conclusions to the above by using 
a slightly different method which has also been used by Jaymond (67). 
In this method small particles are dusted onto the surface to record 
the surface velocity. Asbj~rnsen (3) used a residence time technique, 
which gave similar results. 
Jackson et al (66) derived the surface velocity of the film 
from measurements of the pressure drop of a moving air phase in contact 
with the liquid film. This method is not applicable at low liquid flow 
rates because of the small effect of the film on the gas core. The 
results obtained by this method together with those of Friedman and Miller" 
were recalculated and plotted as a function of the Froude number by 
Jackson (66). 
The collective conclusions of the investigators "mentioned so far 
are that up to the Reynold's number of wave inception the ratio of surface 
or maximum velocity to the mean film velocity is equal to 1.5, indicating 
that the velocity distribution is semiparabolic. Above this value of 
Reynold's number it was found that the value of the ratio of the two 
velocities increases to as much as 2.3. In some cases it was observed 
that the ratio decreased again at high Reynold's numbers. 
More recent work by Portalski (96) is not in agreement with the 
above conclusions. Portalski obtained measurements of the surface 
velocity of the liquid. film by timing its advance down a freshly wetted 
plate. The argument used to substantiate this method is that the 
film would advance down the freshly wetted surface with the velocity 
of the fastest layer in it, which if air traction is disregarded is the 
surface velocity. The results showed that the ratio of the maximum 
velocity to the average velocity was very close to the. value of 1.5 predicted 
by Nusselt right up to the pseudo turbulent region. The results for 
runs where an optimum'amount of surface active agent was·added did reach a 
value' slightly greater than 1. 5, ·but none were even near the large 
values recorded by other investigators. 
Both Portalski (96) and Fulford (49. 50) suggest that earlier 
investigators had in fact measured an effective surface or maximum 
velocity lying between the true surface velocity of·the film and.the 
wave velocity. In support of this critisism Fulford has presented 
experimental data of the ratio of wave velocity to mean film velocity. 
The values vary from about 2.7 at a'Reynold's number of 400 to 1.7 at 
a Reynold' s number of 1440. A further justification is that· Fulford 
calculated the surface velocity from measurements of wavelengths of 
standing waves on the film surface. The values of surface velocity 
obtained SUbstantiated the Nusselt semiparabolic theory, although 
there was a'considerable scatter in the results. 
More recently West and Cole (114) have carried out measurements 
of film surface velocities. The velocities were measured photographically 
by taking time exposures of the movement of fine non-wetting anthracene 
particles sprayed onto the surface and fluorescing light green under a 
pulsed ultra-violet light. The results endorsed the conclusions of 
Portalski and Fulford in that the Nusselt theory holds up to the region 
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of pseudo turbulent flow. 
Atkinson and Caruthers (4) used a hot wire technique to 
measure the velocity distribution of laminar and turbulent films. 
Although it was admitted that the introduction of a probe into the 
film to measure local velocities could lead to error, a number of probe 
configurations were tried and·were found to have no differing effect. 
Effects of Surface Active Agents and Changes in Surface 
Tension. 
It has been known for a long time that the addition of small 
quantities of surface active agents to liquid films suppresses the 
formation of waves and can obliterate them altogether. 
The work of Emmert and Pigford (40) and Lynn et al (82) 
clearly indicated that mass transfer rates wer~~veral times 
greater in rippling films than in liquid films where ripples were absent. 
It has been suggested by previous investigations that the reduction 
in mass transfer upon the addition of surface active agents was due 
to the hindrance of the diffusing molecules by the large organic 
molecules concentrated at the film surface instead of the elimination 
of rippling. However, Emmet and Pigford have clearly shown that 
most of the 150% increase in mass transfer was due to the presence 
of ripples on the film surface and only a small effect relatively was 
due to the absence of surface active agents. (about 10% or· less). 
A number of investigators have examined the effects of surfactants 
and in general found·that as the surfactant concentration was increased 
the wave motion was progressively damped until an optimum concentration 
was reached. Beyond this concentration little further damping took 
place and in some cases wave motion began to increase again. 
These effects were noted by Emmet and Pigford (40) and Tailby and 
Portalski (106). Stirba and Hurt (105) observed that on the addition 
of a surface active agent the laminar region physically existed up to 
a Reynold's number of 3000. 
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Both Jackson (66) and Brotz (20) concluded from their experiments 
that the addition of surface active, agents did not affect the film thickness 
or the point of wave inception. An explanation of these anomalous 
observations suggested by Fulford (49) is that they may have been in a 
region where the waves were of the gravity type i.e. of fairly long 
wavelength and hence not so susceptable to the effects of changes 
in surface tension as capillary waves. 
The ability of surface active agents to damp waves and ripples 
has been illustrated theoretically by Levich (78). More recently 
Whitaker (115) evaluated the effects of various surface associated 
properties such as 'surface viscosity'. 'surface diffusion' and 
'surface elasticity' and concluded that 'surface elasticity' could 
affect the stability of a falling liquid film to such an extent as to 
stabilise it below a certain value of Reynold's number. This result 
has been reached by Benjamin (12) and Jones and Whitaker (69) which conflict 
with the zero surface elasticity treatments of Benjamin (9) and Yih (123) 
in which the flow is unstable at all Reynold's numbers. 
The theoretical conclusion, that there exists a critical 
Reynold's number for the inception of waves on films containing 
surfactants ,is in, agreement with the qualitative observations mentioned 
above. 
Anshus and Acrivos (2) summarise the stabilizing effect of 
surface active 'agents with the following points. 
(a) they, stabilise the flow to infinitesimal disturbances below 
a certain finite Reynold's number. 
(b) They decrease the growth rate of the disturbances in 
unstable flows. 
(c) they increase the wavelength of the disturbance waves and 
hence render them much more difficult to observe. 
The value of the critical Reynold's number is given by 
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1-
NRE = .2. (I;) 5 6 3.77 c 
where 1 
<b 1 (_3_)3 ~ = y (Oy) P gv 4 
and a mean surface tension 
Y - surface concentration of surfactant 
v kinematic viscosity 
As far as the effect of surface tension on mean film 
thickness is concerned, White (116) has drawn.the conclusion that in 
the turbulent region it has no effect, but at lower Reynold's numbers 
it does have an effect in the relationship between mean film thickness and 
liquid flow rate. This is demonstrated by examining the relationship 
between the Froude number and the Reynold's number for water and 
methanol using the data of Portalski (95) 
3.4.8. Viscosity variations in thin films 
The coefficient of viscosity of a liquid remains constant at 
a particular temperature when measured by the well known conventional 
methods, where the apertures involved are of the order of 0.5 m.m. or 
more .. However, when the fluid is in the form of a thin film the 
coefficient of viscosity becomes a function of thickness. 
According to Marcelin (84), when a thin liquid film on 
a solid surface is considered, several regions can be. identified. 
Immediately adjacent to the solid surface is an adsorption layer, 
which is by definition monomolecular and is a compound of liquid 
and solid. Above this is a stratified layer, which under sUfficient 
tangential force will slide over one another in analogy to a pack of 
playing cards. Further away from the solid surface the stratifications 
become more diffuse and can be represented as consisting of small 
laminae in suspension. Finally, we have the bulk of the liquid. 
The effect of varying structure on the coefficient of viscosity 
of mineral oils of different viscosities is shown in figure 3.6. 
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These results .were obtained by Marcelin (84) using a microviscometer 
described in another publication, Marcelin (83). 
At large li(luid thicknesses, > 500 microns, the li(luid 
characteristics of the li(luid bulk predominate. Below this value 
the diffused layer becomes more predominant until a maximum value 
is obtained. Here slip occurs in the stratified layer and the 
coefficient of viscosity decreases. 
For li(luids of low viscosity, i.e. water, these effects 
will not be so marked, but for li(luids of higher viscosity the effect is 
appreciable as illustrated in figure.3.6., and·must be considered 
when thin· films of less than 500 microns are being investigated. 
Film flow on rotating surfaces 
De Graaf (34) using a 10-6 sec. flash unit, obtained 
photographs of the flow of a number of li(luids, in the form of films, 
on a rotating disc. From these photographs it was concluded that there 
were four types of flow. 
(a) Disc surface totally wetted, li(luid film uniform in thickness. 
(b) Disc surface totally wetted, wave formation in the li(luid film. 
(c) Disc surface partially wetted, li(luid film broken up into 
several sections about uniform in thickness. 
(d) Disc surface partially wetted, li(luid broken up into threads 
of une(lual diameter. 
Some observations have been made during studies of the operation 
of li(luid atomizers. Heinze and Milborn (62) injected a dye trace into 
a li(luid film flowing out of a rotating cup atomizer and recorded the 
resulting spiral patterns photographically. Dixon et al (36) 
recorded the path followed by drops of li(luids on a rotating disc at 
'. different speeds of rotation. Various liquids were used to investigate 
the effects of variation on viscosity and surface tension. It was 
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concluded that the spiral path taken by the liquid droplets were of a 
logarithmic type of the form 
G = r sin JjJ 3.78 
where G = length of perpendicular from origin to tangent to spiral. 
r = radius vector of spiral 
JjJ = angle of intersection of radius vector and tangent 
to spiral. 
The thickness of an oil film flowing on a rotating disc was 
measured by Hickman (61) who proposed the following relationship 
between film thickness abd'rotational speed. 
log N (R.P.M.) = K 1 3.79 log b 
Espig (42) and, Espig and Hoyle (43) report measurements of 
film thicknesses of water films flowing on a rotating disc over the range 
of Reynold's numbers from 20 to 600. The measurements are of maximum 
film thickness and are correlated using the Nusselt dimensionless film 
thickness parameter in which the component of gravity is replaced 
by the component of the centrifugal force. This'substitution had 
previously been suggested by Bromley (19). 
The results of Espig (42) have been replotted and are shown in 
figure 3.7. 
3.4.1.0. Entrainment 
The experimental investigation of liquid entrainment by gas 
streams has been found to be difficult because of the problems of accurate 
measurement, while the theoretical studies ·are equally as difficult as 
they are involved with the problems associated with describing a turbulent 
wavy surface. 
Very little experimental data is available concerning the onset 
of entrainment. Knuth (74) has presented his own entrainment inception 
data and that of others in a graphical form, plotting a dimensionless 
film thickness against the ratio of gas to liquid viscosities. 
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Assuming the liquid velocity profile to be linear, then the dimensionless 
film thickness can be written as 
* b 3.80 
Although this type of relationship correlates the data available 
reasonably well, it is in some respect speculative as the effects 
of variation in the gas viscosity and the liquid density have not been 
investigated. However, of particular importance was the observation by 
Knuth that liquid entrainment was associated with long wavelength disturb-
ances on the liquid surface. These have become to be known as ' roll 
waves' . 
The inception of roll waves has been studied by Hanratty and Hershman 
(56), who examined the cocurrent flow of air with water-glycerine solutions 
and water-butanol solutions. The experimental results were in good 
agreement with the theoretical analysis. Therefore if it could be 
conclusively.shown that the initi~tion of liquid entrainment was associated 
with the inception of ·roll waves, then the former could be predicted 
by calculating the inception of roll wave motion. 
Van Rossum (110) examined the entrainment of liquid from liquid 
films in a duct 15 cms. square,the critical point being determined 
visually. The behaviour of several different liquids was examined and in 
each case it appeared that·the minimum mean air velocity for entrainment 
to occur·was constant for thick films, but increased with decreasing 
film thickness. For water the minimum mean air velocity was found to be 
about 18 m/sec for films of about 1 m.m. or over in thickness. 
The concentration of liquid in the gas phase, once entrainment 
has become established, has been studied by Wicks and Dukler (117), 
using a pitot type probe with which to sample the gas phase, and by 
Collier and Hewitt· (28) by monitoring the inlet and outlet liquid flow 
rates. 
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The correlation for entrainment data proposed by Wicks and Dukler does not 
take account of liquid viscosity variations, which have been subsequently 
shown to be significant by Knuth (74). 
3.5. COANDA EF FECT 
The phenomenon by which a jet of fluid can be deflected by 
it's attachment to a 'side wall in not a recent discovery. Physical 
examples of it were pointed out by-Young (124) as early as 1800 in,a 
lecture to the Royal Society, in which he mentioned the deflection 
of a jet of air from a blow pipe. 
"The lateral pressure which urges the flame of' a candle 
towards the stream of-air from a blow pipe is probably exactly similar 
to that pressure which eases the inflection of a current of air near 
an obstacle. Mark the dimple which a slender stream of air makes on 
the surface of water. Bring a convex body into contact with the side 
of the stream and the place of the dimple will immediately show the current 
is deflected towards the body; and if the body be at liberty to move 
in every direction it will be urged towards the current." The 
effect was again mentioned some years later by Reynolds (100), in 1869, when 
he considered the suspension of a ball by a jet of water and carried out 
some simple experiments deflecting a pendulem with a jet of water. 
In 1932 the phenomenon was described in a French patent by 
Coanda (26) after whom the effect is now known. Subsequently a considerable 
amount of effort has been devoted to develop aspects of this phenomenon, 
in particular certain applications in the aviation industry, where it is 
used to provide circulation control aerofoils and jet deflection devices. 
The simplest example of the Coanda effect is readily observed when 
a finger is placed against the jet of water issuing from a tap. The 
jet adheres to the finger for a time and is deflected as illustrated in 
figure 3.8. 
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Figure 3.8. 
Solutions of the situation shown in figure 3.8,have·been derived 
using potential flow theory by Lighthill (79) and Woods (120). 
These solutions produce a particular shape of curved wall, together with 
points of attachment and separation, for particular deflection angles of 
the jet. It has been shown by Lighthill (79) that the fluid velocity 
at point P is higher than the velocity. at the free surface and consequently 
the pressure at the wall is somewhat lower than that at the free surface. 
At ·the point of separation and down-stream from that· point the pressure 
must be the same as that of the rest of the free boundary surface, in which 
case there must be an adverse pressure· gradient along the wall PQ towards 
the.point of separation. 
Besides the effect already mentioned, there 1S another contributory 
effect which aids the deflection of a jet of fluid, namely· entrainment. 
A physical explanation of this effect has been given by Squire (104). 
"A free jet entrains air from the surrounding atmosphere and 
if there is no obstruction to this entrainment there will be little or no 
tendency for the jet to be deflected. If, however, entrainment from 
one side of a plane jet is prevented by an obstacle, a reduction in 
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pressure will be induced on the obstacle, which will tend to deflect 
the jet." 
Squire (104) observed the deflection of an air jet around 
various radii and found that it was possible to obtain deflections of up 
to 1600 • 
A review of the present understanding of the Coanda effect 'has 
been given'by Willie and Fernholz (119). In this paper a mention is 
made of this phenomenon in,the flow of a liquid film over a rotating 
surface in connection with a swirl atomizer by Klein (73). who has shown 
that the separating phenomenon of both laminar and turbulent flow is 
basically the same in air and in near-vacuum, as long as the pressure 
remains above the vapour pressure of the liquid. It was also mentioned 
that the turning angle was found to decrease when the mean velocity 
in the film was increased. A similar conclusion has been reached by 
Warner and Reese (112), who investigated the factors affecting the 
attachment of a liquid ,film to a solid surface. 
3.6. SEPARATION OF SOLID PARTICLES FROM LIQUID ,FILMS 
The method of solid liquid separation, whereby the slurry is 
transformed into a flowing liquid film, from which the solids are 
removed, is not a recent innovation, although it is not at present 
widely used. A device to accomplish s)lch a separation was patented 
by Bartholomew (5) in 1940. This basically simple apparatus was designed 
originally to separate freshly quenched slag. The quenching water and 
granulated slag were fed over a series of steps, each having a curved edge, 
to which 'the water tended to cling and was then channeled away, while 
the hot slag particles,to which the water had no tendency to adhere, 
were thrown onto the next step. Although this apparatus could be 
used to separate solids and liquids other than slag and water, its 
motive force was that of gravity, which obviously limited it's field 
of application. 
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In 1947 another patent was granted to Bartholomew (6) 
describing the designs of various separating devices, which while 
still employing the same fUndamental techniques, utilised a centrifugal force 
instead of a gravitational force to separate the solid and liquid constit-
uents. This, while greatly improving the throughput for a given 
size of machine, also extended its field of application. Of particular 
significance' is the description of a separating device having a stepped 
conical rotor. Liquid flows down the outside of the cone,over the 
concentric steps, while the solid particles are ejected from the 
liquid film at the edge of each step. 'It is mentioned in the patent 
~pplication that a differential separation of the solid particles is 
achieved by this method, particles of differing characteristics being 
discharged at each lip. 
A further 'patent was granted ,in 1962 (7) describing certain 
'modifications to types ,of equipment already mentioned in previous patents. 
A theoretical treatment dealing with this method of solid separation 
has been published by Kober andRuf (75). In ,this treatment an 
equilibrium is considered between three pressures. On ,the one hand 
the capillary pressure restraining the escape of 'the particle from the 
liquid film and on the other the centrifugal pressure of the particle itself 
and centrifugal pressur7 of the 'liquid; In deriving an expression 
for the capillary pressure, the film is not considered as a uniform 
continuous stream, but as a series of concentric rings with a cross-
sectional diameter equal to the film thickness. The reason for so 
doing is not discussed, except for stating that it provides good 
agreement with experimental results which are not included-in the 
paper. 
In this particular treatment no account is taken of the pressure 
differences created by the meniscus or pendula ring surrounding each 
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particle in the process of leaving the liquid film, and it further assumes 
that the liquid clings to the particle about its maximum diameter. 
More recently, a British patent has been granted to Krauss-
Maffei-Imperial GmbH (76) which describes simil~r devices to those in 
the original American patents.by Bartholomew (5, 6, 7). In addition 
a number of conventional machines are described in which certain 
modifications are made, so that this separating technique. can be 
incorporated into the machine. 
THEORY 
4.1 Two dimensional film flow 
4.2 Three dimensional film flow 
4.3 Tangential and radial film flow. 
4.4 Particle separation from a liquid film. 
4.1 TWO DIMENSIONAL FILM FLOW 
The flow of a thin liquid film down an inclined rotating surface 
can be considered as a two dimensional problem, if it is assumed that the 
film moves with the same tangential velocity as the rotor surface 
throughout it's thickness. 
In considering this particular case, the axes of the rectangular 
coordinates are rotated with the angular velocity of the liquid film and 
the axis of rotation of the rotor is vertical. 
If the flow is steady, uniform and.two dimensional, then the 
Navier-Stokes equations expressed in rectangular coordinates, equations 
3.10, 3.11 and 3.12, reduce to the following 
dP 
dy 
dP 
dZ 
= p 
= 
(g cos e 
o 
2D 
+ ~ cos 8 ) 
2 
+ sin e 
= o 4.1 
4.2 
4.3 
where e lS the angle of the rotating surface, down which the film is flowing, 
to the horizontal and D is 'the diameter of the point under consideration 
from the axis of rotation. The x-axis of the rectangular coordinates 
is directed along the rotor surface in the direction of the greatest slope, 
the y-axis is directed perpendicular to the rotor surface and the Z-axis 
is taken across the rotor surface. If D » b then the effect of the surface 
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curvature of the rotor on the film thickness may be ignored. 
With the following boundary conditions, 
u 
du 
dy 
= o at 
= o at 
y = o (no slip at wall) 
y = b (no interfacial drag) 
equation 4.1. can be integrated giving the semi-parabolic velocity 
distribution 
1 2 
u = - (by - Y ) {g sin e 
v "2 
From equation 4.4 the radial surface velocity is given by 
U = 
s 
(g sin e + cos e ) 
By integrating equation 4.4. over the film thickness, the mean 
velocity is found to be 
u = 
b 2 
3v g Sln e + 
2D 
w 2 cos e ) 
The volumetric flow rate per wetted perimeter is 
Q = b u = 
4.4 
4.6 
From equation 4.6 and equation 4.7 a relationship between Reyrlold' s 
number and 
1 
3 (NRE ) = 
the mean film 
b [ 3J {g 
thickness is obtained. 
sln e + 4.8 
• 
The coefficient of b on the right hand side of equation 4.8 
is analogous to the. dimensionless Nusselt film thickness parameter 
of equation 3.63, 'but incorporating the component of the centrifugal 
force, in fact equation 4.8 is a more generalised form of equation 
3.63, which has been used by previous investigators. The coefficient 
of b will subsequently be referred to as the modified Nusselt parameter, 
* NT • 
* Equation 4.8 suggests that a plot of NT against NRE on 
1 double logarithmic coordinates should give a straight line of slope 3 
for the smooth laminar flow regime, however, like equation 3.63, it is 
, 
" 
reasonable to anticipate that film thickness data obtained for flow in 
other flow regimes might be successfully correlated using equation 4.8, 
although the slope of the resulting curve will not be }, and also 
the thickness data for various liquids, ·on surfaces of various slopes 
and rotating" at 'different speeds. 
4.2. THREE DIMENSIONAL FILM FLOW 
The flow of a liquid close to a rotating disc can be represented 
by a form of the Navier-Stokes equations in cylindrical coordinates, 
where the z-component'is parallel to the axis of rotation, il, ~ and w 
are the velocities in the r-, S- and z- directions and n is the force 
potential of the field. 
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4.11 
The above equations have been solved by Cochran (27) by a numerical 
integration method for the case of a disc rotating in an infinite fluid. 
However, for the case of a liquid film flowing down a rotating inclined 
plane, which is the condition under investigation, the problem is further 
complicated by drag at the gas liquid interface and by the inclined surface. 
For the flow ·of a liquid film on a flat rotating disc equations. 4.9., 
4.10., and 4.11., may be reduced to two second order simultaneous 
differential equations with mixed variables. 
du ~2 d2il : a 
u dr - =. \)3"':7 . -\1 2 r I dr 
r 
d~ u~ .- d2~ ~ 
u dr = v dr2 -v -2 r 
r 
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Without a more precise knowledge of the boundary conditions 
and the liquid velocity profiles in the r- and a-directions, it is not 
possible to obtain an exact solution to the above equations. 
4.3 TANGENTIAL AND RADIAL FILM FLOIv 
In this treatment, the motion of the film relative to the 
rotor surface in the ·tangential direction is ignored to the extent 
that only the effect of a tangential velocity profile on the radial 
movement of the liquid. film is considered. Therefore the radial 
motion of the liquid film is motivated by the combined components 
of .the gravitational force and the centrifugal force in the radial 
direction, the latter being dependant on the tangential velocity profile. 
The purpose of this approach is to determine the general form 
of the velocity profiles in the radial and tangential directions. 
The validity of the treatment is sUbstantiated by the fact that 1n it, 
various tangential velocity profiles are assumed, the influence of each 
on the radial velocity profile is evaluated and the resulting 
theoretical relationships may be compared with experimental data 
to establish the general form of the actual tangential velocity profile. 
This type of approach is necessary, since detailed measurements of 
the velocity profiles, in either direction, of liquid films flowing 
on rotating surfaces have not been measured or reported 
in the literature. 
Depending on the prevailing conditions, the tangential velocity 
profile of a liquid film, flowing on a rotating inclined plane, could 
have anyone of a number of general forms. Firstly thin films, where 
the interfacial drag is only affecting the surface layers of liquid 
to any appreciable extent, the velocity profile tangentially may be 
semiparabolic as shown in figure 4.1. 
Ws --oE:E---
Y b 
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figure 4.1 
Assuming the radial li~uid flow to be steady, uniform and two dimensional, 
then e~uation 4.1 may be written in the form. 
1 [ . v g S1n e cos e + r (v - v (~)' .... (~)' ) ,] • 0 4.12 
By integration of e~uation 4.12 and the use of the following boundary 
conditions 
u = 0 at y = 0 
u = u at y = b 
s 
(no slip at wall) 
an expression for the film velocity in the radial direction results. 
Then by further integration over the thickness of the film a 
relationship for the li~uid flow rate for a unit of perimeter is 
obtained. 
+ 
b3 cos 
420r " 
e (l9w2 + llww 
s 
2 
+ .5w ) 
s 
4.13 
The division of the above e~uation throughout ,by Q (= bu) an expression 
------------ - - -- --
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for the ratio of surface to mean radial velocity is obtained 
u 
s 
-u 
= 2 -
3 b cos e(19v2 
210rvQ 
2 
+ 11"" +5w ) 
s s 
The details of the above integrations are given in appendix B.l. 
4.14 
Similar expressions for the ratio of surface radial velocity to mean radial 
velocity may be obtained for other tangential velocity profiles. 
If. the tangential velocity profile is again semi parabolic , but with the 
majority of the film moving slower than the solid surface as shown in 
fig. 4.2., then the following expression results. 
u gb3 sin e s 2 -= 4.15 
- 6 v Q u 
Ws E 
y b 
w ... 
Figure 4.2 
A linear tangential profile gives the following expression 
for the ratio of surface to mean radial velocities. 
u 
s 3 gb 
6vQ - (3w
2 
+ 4"" 
s 
It may be noted that when w = w , equations 4.14, 4.15. and 4.16 
s ' 
can be reduced to the same expression. 
4.16 
4.4 PARTICLE SEPARATION FROM A LIQUID FILM 
Theoretical and experimental aspects of the adhesion experienced 
by a spherical particle in contact with ·a flat solid surface, or a 
second spherical particle, due to the presence of a fluid in the region' 
of the point of contact, has been examined by a number of investigators 
including Cross and Picknett (32, 33) and Fisher (46). The fluid 
contained in this region between the two solid surfaces is often 
termed, the pendular ring, and much of the published material 
concerning this problem has been devoted to predicting the volume, 
surface shape and pressure defficiency of the pendular ring. 
The pressure defficiency of the pendular ring is calculated 
using the classical Laplace equation. 
PD = a 4.17 
·From equation 4.17 it follows that, if gravitational distortion can be 
ignored, the meniscus must assume the form of a surface of constant 
mean curvature. 
A number of investigators have assumed, in their theoretical 
treatments, that the meniscus profile is a circular arc, which leads 
to a toroidal meniscus configuration which is not of constant curvature. 
This fact has been noted by Melrose and Wallick (87), who examined the 
error involved in this assumption compared with an 'exact' solution. 
It would appear that, although there .is an error in the assumption 
of a circular meniscus profile, the error in the calculated volume 
is reasonably small. 
The situation, that we shall now consider; is that of a solid 
particle migrating from inside a liquid film into the surrounding atmos-
phere. Consider the situation shown in figure 4.3. in which a solid 
spherical particle is attached to the main bulk of a·liquid stream by 
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a pendular ring having a circular profile. The particle is being 
detached from the liquid film by a centrifugal force operating at an 
angle ~ to DC. 
o 
F 
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D c 
0' 
Fig. 4.3. 
The particle is considered in an equilibrium position with the 
centrifugal force being balanced by the surface ,tension of the liquid 
and the pressure defficiency created by the meniscus of the pendular 
ring: 
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Fig. 4.4 
Volume of the pendul~ ring above GH 
Consider an elemental disc of radius, r 3, and thickness dh at a distance 
h from the line GH shown in figure 4.4. The volume of the element is 
2 
TT r3 dh and the volume contained by the gas liquid interface and the 
planes EF and GH is given by 
, 
rlcos 0 
I 2 dh TT r 3 
0 
rlcos e' h2)~rdh [(r l + , "'-= TT I r 4) sin e - (r -0 1 
= 
= 
= 
= 
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4.18. 
Now consider an elemental disc of radius r 5 , thickness dh at a distance 
h from point 1. Then the volume generated by rotating OIF about 00' 
is given by 
(1 - cosS 
, 
7f 
= 
3 r (l-cosS') 
7f [ 2r~h - ~ L 4 
= [
3 '13 '3 
7f 2r4 (1 - cosS) - 3" r~ (1 - cosS ) ] 
= 
1 3 '2' 3' ~ r 4 (5 - 3 cos S + 3 cos S + cos s). 4.19 
Therefore the volume of the pendul~ ring, VL is given by the expression 
. ' 2 3 ' S1nS + 3" nr l cosS 
1 3· , 2' 3' 
- 3" 7f r 4 (5-3 cosS + 3 cos S + cos S ). 4.20 
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Pendular ring equilibrium 
Ignoring the distorting effects of gravity and centrifugal 
forces, the pendularring may be considered to be in equilibrium with the 
surface tension forces acting horizontally balancing the pressure 
difference across the gas liquid interface. This equilibrium may 
be expressed as follows, 
• • • 
a 2~ r4 sin8 cos8 + a 2~ (r4 + r l ) sin8 = a 
1 1 • (-- ---)(hl-r4cos8) r l r 2 
• (2~r4 sin8 ) 
, 
where h = (r l + r 4 ) cos 8 + r l 
and r 2 = (r l + r 4 ) sin 8' - r l 
.<.r
4 
, (L _ L) cos8 + r 4 + r l = r4 r l r 2 
r 4 , 
= (r2 - r l ) ( 1 + cos8 ) r 2 
(h - I r4 cos8 
On simplification, the above equation may be reduced to the following 
r l = 0 , 
r4 (1+ cos8 ) 
or r l = 1 + sin 8' 4.21 
Separation of a particle from the liquid film 
A particle, attached to a rotating liquid film by a pendular 
rlng, is in a state of equilibrium. The liquid surface tension and 
the pressure defficiency of the pendularring act on the particle so 
as to draw it towards the film, while the centrifugal force acts on the 
particle in a direction away from the liquid film. The situation is 
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now considered where a particle, attached to a rotating liquid film 
by a pendul~ring, is moving tangentially with the surface velocity of 
the rotor and radially with the mean velocity of the film. The plane 
down which the film is flowing is at an angle of e degrees to the 
horizontal while the centrifugal force is operating at an angle of ~ 
degrees to the flow plane. An equilibrium is now considered between 
these forces at the thinnest point of the pendularring where it is 
anticipated that the severing of the pendul~ring will occur. 
The force due to the surface tension is given by 
= 2 cr 7f (sine I 
. 'J Sln e 4.22 
The pressure in the pendularring is less than the atmospheric pressure, 
and so the force acting on the particle due to this 'pressure defficiency 
is 
Now the centrifugal force acting on the particle is given by 
= [~ R 2 w sin ~ 
4.23 
The criterion for the separation of the particle from the liquid film 1S 
> + F P 4.25 
If the rotating film, while it is flowing radially outwards over the 
rotating surface, passes round a radius then a second centrifugal 
force 1S created and equation 4.23 must be rewritten in the form 
"": ",.'. V, " ,.' 1 ,i" • 'j. ": " 'i " ' 4.26 
where Rl is the radius of the radial contour. 
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DESIGN AND CONSTRUCTION OF EXPERIMENTAL AND 
AUXILLARY EQUIPMENT 
5.1 Design considerations. 
5.2 Rotating assembly and motor 
5.3 Liquid and solid metering and feeding arrangements. 
5.4 Electronic timer and its use for speed measurement. 
5.5 Double high speed flash unit. 
5.6 8-Backscatter gauge and auxillary equipment. 
5.1 DESIGN CONSIDERATIONS 
In order-that the wide variety of experiments anticipated could 
be carried out with the minimum amount of modification to the 
experimental equipment, the apparatus was purposely designed to be 
multi-functional. This necessitated the design of an apparatus 
where various liquids could be metered and fed to the machine, where 
solids could be introduced into the liquid feed and where provision was 
made for the removal and collection of both the liquid and the solid 
material. Also easy access was essential to the liquid surface, 
so that film thicknesses and film surface velocities could be measured. 
A general view of the experiment-al equipment is shown in the 
photograph on page 77. 
5.2. ROTATING ASSEMBLY AND MOTOR 
A drawing showing the details of the rotating assembly 1S presented 
in appendix A, drawing No. 1. 
To alleviate the possibility of any lateral displacement in the 
central spindle the bearings were preloaded. Three grub screws were fitted 
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GENERAL VIEW OF EXPERIMENTAL EQUIPMENT 
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THE LIQUID AND SOLID FEEDING ARRANGEMENTS 
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in the top of the bearing housing to lock ·the outer race of the 
upper bearing. A sleeve was fitted at the bottom of the bearing housing 
so that ·when the pulley was tightened hard against the shoulder of the 
spindle the bearings were preloaded. 
A 0.5·H.P. three phase motor was used to drive the machine. 
The motor was fitted with a Kopp Variator which allowed the selection 
of any motor speed between 320 and 2880 R.P.M. 
The machine was mounted on a concrete and brick plinth and secured 
to it by four ~" dia. Rawl bolts. The purpose of the substantial 
foundations was to eliminate any vibration of the machine during 
operation and to provide a firm mounting necessary for running at high 
speeds of revolution. The situation of the machine and motor is clearly 
shown in the photograph on page.77. 
A number of gunmetal rotors of various designs were used during 
this work. They were all fUlly machined and balanced. Their designs 
are shown in drawing No. 2,3 & 4 in appendix A. 
It was found in the preliminary experiments that were carried 
out, that it was essential that the li~uid feed to the rotor was evenly 
distributed. To accomplish this, several feed distributors were 
fabricated and the various designs are shown in drawings No. 5, 6 and 7 
in appendix A.· Owing to the general design of the machine, the 
li~uids had to be fed onto the. top of the spindle nut from which they 
were sprayed into the distributor. The distributor shown in drawing 
No. 5. was used for li~uids only, the li~uid forming an annular pool 
inside it and spilling over the perspex lip in the bottom. The 
distributor shown in drawing No. 6 was used to feed li~uids at a high 
rate, when the previous distributor was not satisfactory, and the 
distributor shown in drawing No. 7. was used to feed slurries. 
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5.3. LIQUID AND SOLID METERING AND FEEDING ARRANGEMENTS 
A flow diagram is presented in figure 5.1 and a photograph of the 
rotameters and feeding arrangements is shown on page 78 • 
The machine could be fed from anyone of three separate liquid 
circuits. Two of these were designed to handle water and the 
third to carry non-aqueous liquids. 
In the first circuit, water from the constant head tank No.l. 
was passed through a centrifugal pump and was fed to a series 
of three rotameters, which covered the range· of feed rates from 0.3 litres/ 
min .to 26.0 litres/min. The water was·then·fed straight into the 
metal funnel and so into the feed distributor on the rotor. This 
was an open circuit with the head tank being fed directly from the water 
main'and the effluent.being fed into.the drain. At low liquid 
feed rates there was sufficient head to feed the rotameters without 
operating the pump. 
Owing to the insufficiences in the supply from the water main, 
a closed circuit water supply was necessary. This consisted of tank 
No .. 4. from which water was pumped through a rotameter to the machine. 
For non-aqueous liquids, a closed circuit feeding system was 
employed. This comprised a constant head tank No. 2., which supplied 
liquid under a head of about 10ft; to a series of rotameters. After 
the liquid had passed through the machine, it was fed into tank No. 3. 
from which it was pumped back to the constant head tank. 
Provision was made so that the liquid supplied by the rotameters 
to the machine could be diverted and fed directly to either of the perspex 
cascade mixers shown in the photograph on page 78. Solid material 
could be introduced into the top of either mixer using a vibratory 
feeder. The two mixers were of different channel widths, so a range 
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of feed rates could be handled efficiently. The mixers ensured that 
the solid material fed to the machine was thoroughly wetted. 
When slurries were fed to the machine the issuing solids 
were collected in a series of interlocking perspex trays, which could 
be easily dismantled and their contents removed for analysis. 
The arrangement of these trays in relation to the rotor is shown in the 
photograph on page 80. 
5.4. ELECTRONIC TIMER AND ITS USE FOR SPEED MEASUREMENT 
The speed of the machine was accurately measured with the use of 
an electronic timing unit. The timer was·a type TSA 3436 manufactured 
by Venner Electronics Ltd., and was capable of measuring the time interval 
between two consecutive electrical impulses in millionths of a second. 
The instrument had a range of from 1 microsecond to 105 microseconds .• 
A simple electrical circuit was built comprising a 9 volt D.C. 
electrical supply and a modified microswitch, The microswitch was 
situated underneath the machine and was actuated by a cam fitted to the 
bottom of the machine spindle. This system gave an electrical impulse 
at the beginning of each revolution and thus the time for each 
revolution was accurately measured. 
5.5. DOUBLE, HIGH SPEED FLASH UNIT 
The double high speed flash unit was designed to.give.two pulses 
of light with a variable time interval between them. The light source 
consisted of two Ferranti EN 57 stroboscope tubes,each with a flash 
duration of 20 microseconds and a time to peak of 6 microseconds. 
A diagram of the circuit employed is shown in drawing No. 8 
in appendix A. The anode voltage of each lamp was supplied from an 
850 v. H.T. supply rail, the discharging capacitance was 4 microfarads 
and the charging resistance value was 0.3 Kohms. The discharging of 
the capacitors through the tubes was controlled by two trigger circuits 
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consisting of two E.N. 10 trigger tubes a,nd pulse transformers. The 
ECC 81 control circuit fires the two trigger circuits and hence the light 
sources. 
The time interval between the two flashes could be varied between 
about 30 microseconds and 650 milliseconds. The delay could be 
adjusted to within close limits by first selecting a suitable range, 
of which there were seven. 
variable potentiometer. 
Fine control was possible by adjustment of the 
The electronic timer, which is described in section 5.4. of this 
chapter, was used to measure the time interval between the flashes. 
A selenium photocell was'placed in front of the flash unit close to the 
glass window. The photocell gave an electrical pulse as each tube fired 
and these triggered the electronic timer; the time interval between the 
flashes being recorded in microseconds. 
5.6. 8-BACKSCATTER GAUGE AND ANCILLARY EQUIPMENT 
A view of the 8-Backscatter gauge in position over the rotor 
surface can be seen in the photograph on page 79. Also in the photograph 
can be seen the preamplifying unit which amplifies the signal from the 
geiger tube. 
The gauge itself comprlses a 8-emitter and a gelger tube. 
The 8-emitter employed was a 0.1 millicurrie source of strontium 90, 
in the form of a cylinder some 1 cm. long and 2 m.m. in diameter. 
This was secured with a set screw in a stainless steel tube mounted 
on an axle, so that it could be pivoted to enable the amount of 
radiation reaching the geiger tube to be adjusted. 
The geiger tube (a ~fuller X 123) was mounted on the same base 
plate as the 8-source, and the geiger tube window was shielded with a 
lead hood, so that only radiation from a particular area of surface 
was monitored by the geiger tube. The hood also prevented any chance 
spray from reaching the geiger tube window. 
The signal ·from the geiger tube was fed into a preamplifier where the 
signal.was amplified to 10-12 volts. The output of the preamplifier 
was then fed into a ratemeter, which integrated the signal. The output 
signal of the ratemeter was proportional to the count rate, 100 millivolts 
being proportional to a count rate of 1000 counts per sec. 
The output of the ratemeter was displayed on a digital voltmeter 
in a data.logging unit and the readings were punched out on 5-track 
computer tape about once every 1.2 secs. The logging unit and data 
punch are shown in the photograph on page 77 
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CALIBRATIONS AND EXPERIMENTAL METHODS 
6.1' Calibrations 
6.1.1. Viscosity determinations 
6.1.2. Density determinations 
6.1.3. 8-Backscatter gauge 
6.1.4. Rotameters 
6.1.5. Main drive motor. 
6.2. Experimental methods. 
6.2.1. Film thickness measurement 
6.2.2. 'Surface velocity measurement 
6.2.3. Particle separation and classification 
6.1 CALIBRATIONS 
6.1.1. Viscosity· determinations. 
During the experimental programme three liquids were used, 
mains water, kerosene and water white liquid paraffin. The viscosity 
of water was not determined independantly ·but was calculated from the 
relationship given by Bingham (14). However, the viscosities of the 
other' two liquids were determined over a range of temperatures by 
using the conventional Ostwald's viscometer method. Water was used 
to calibrate the viscometer in the. case of kerosene' and castor oil was 
used for the water white liquid paraffin. Values of the density and viscosity 
of castor oil which were necessary for the calibration were obtained from 
the International Critical Tables (64). 
The results of the viscosity determinations for kerosene and water 
white liquid paraffin are given in graphs Nos. 1 and 2 in the graphical 
section towards the end of the thesis. 
6.1.2. Density Determinations 
The density of water was not determined, but values at various 
, . 
temperatures were obta1ned from the Chemical Engineers' Handbook (93). 
The densities of. kerosene and water white liquid paraffin 
were determined by the density bottle·method at a number of temperatures. 
The results .are shown in graphs.Nos. 3 and 4. 
6.1.3. S-Backscatter Gauge 
The S-Backscatter gauge was calibrated by measuring the· reduction in 
the backscattered radiation when various numbers of soft polythene 
absorbers, of known density and thickness, were placed on the rotor 
surface underneath the monitoring head. Thus a relationship between 
absorber thickness (mg/cm2) and count ·rate was obtained which within 
. certain limits· was ·independant of the absorber material. A typical 
calibration curve is shown in graph No. 5; 
The ability of an absorber to stop S-radiation depends upon the 
density of electrons ·in the absorber. Thus if the amount of absorber 
is expressed in terms of the product of density times thickness (mass/cm2 ), 
the range 1S nearly independant of the nature of the·absorber since 
there are about the same number of electrons in a given mass of material. 
This general rule is mentioned by Glendenin (51), Friedlander and 
Kennedy (47) and Rutherford et al (103). 
This general rule is not, however, strictly.true since the number of 
electrons per unit mass decreases with increasing atomic number because 
of the decreasing number of protons to neutrons. Therefore the ability 
of an element to stop S-radiation is ··proportionalto the ratio of the 
atomic number to the atomic weight. However.- it has been pointed out 
by Glendenin (51) and Rutherford et al.(103) that the general rule 
holds quite well for light substances.· 
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It has been shown by De Ligney et al (35) that the intensity 
of transmitted radiation by hydrocarbons relative to the intensity of 
transmitted radiation by water is given by the following expresslon, 
I 
0.690 - log 1W 
= 6.1. p 
where SR and Sc are the stopping pcrwers per gram atom of hydrogen 
and carbon respectively and WR is the weight fraction of hydrogen. 
Soft or low density polythene has a molecular weight of the, order 
of 150,000 to 200,000 so the effects of the'terminating groups, 
whatever their type, is negligible. Therefore soft polythene may be 
assumed to be entirely made up of CH2 groups and using the values of 
Sc and SR obtained by De Ligney the ratio I ~ has a value of 0.9783. 
Thus the error involved in assuming the general density relationship 
is no more than 3%. 
The a-backscatter gauge was recalibrated for each series of experiments 
which lasted over a period of no more than two weeks. The error 
involved due to the natural decay of the a-emitter was extremely small and 
this error has been calculated in appendix B;2. 
6.1.4. Rotameters 
The rotameters in the non-aqueous circuit were calibrated 
for kerosene by using the manufacturers calibration data (102) 
and the resulting calibration was checked experimentally in a few 
instances. The calibrations together with the experimental points 
are shown in graphs Nos. 6, 7 and 8. 
Owing to the relatively high viscosity of the white liquid 
paraffin used in the experiments, the rotameters were calibrated 
experimentally for this liquid. The calibration curves are shown 
in graphs Nos. 9, 10, and 11. 
The larger rotameters in the water circuit were themselves calibrated 
for water at 200 c, but the calibration was checked-experimentally to 
ensure that any error was within the limits specified by the manufacturer. 
Calibration charts for these rotameters were obtained from the manufacturer 
o 0 for 5 c and 30 c, so that interpolation of the calibrations was possible 
for various temperatures. The smaller metric 7X rotameter was 
calibrated using the manufacturer's calibration data (102). 
6.1.5. Main Drive Motor 
The drive motor was- fitted with an arbitrary numerical scale by which 
its speed could be selected. By using this device it was found that 
the motor speed could be reset with an accuracy of less than 1% without 
directly measuring the speed of revolution. Therefore, .for- convenience, 
the numerical scale was calibrated by using the electron:ic timer already 
described in section 5.4. Owing to technical difficulties over 500 R.P.M., 
the calibration had to be made using a tachometer above this speed. 
However the accuracy of the tachometer was checked with the electronic timer 
and although the inaccuracy was slightly greater, it did not exceed 3%. 
6.2. EXPERIMENTAL METHODS 
6.2.1. Film Thickness Measurement 
Mean film thicknesses were measured with the e-backscatter gauge 
described in section ?6. 
After the gauge was positioned over the rotor surface, the gauge 
was calibrated using the method described in section 6.1.3. Measurements 
of count rate were made over a period of about 12 minutes, during which 
time over -1000 readings of count rate were made by the data logging unit and 
punched on data tape. The data tapes were processed on a computer which -
calculated the mean value of the count rate over 1000 readings and also 
calculated the standard deviation of the readings for each thickness of 
polythene absorber. 
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A similar procedure was followed to measure liquid film 
thicknesses. With the aid of the numerical calibration on the main 
motor drive, the machine was set at the desired speed and liquid was metered 
onto the rotor surface through the appropriate rotameter. Measurements 
were made at various machine speeds and liquid feed rates, and in each 
case the mean film thickness was·measured over a period of about 12 
minutes. The standard deviation of the readings was· found to be of the 
order of 18 for a count rate of 1000 counts per sec. 
6.2.2. ·Surface Velocity Measurements 
A photographic technique was used to measure the tangential 
and radial surface film velocities. 
The double high speed flash unit used in these experiments 
has already been. described in section 5.5. The movement of the 
film surface was registered by taking a.photograph of very small paper 
discs. about 1" . I 41f lb d1a. and about 1000 thick, that had been sprinkled on 
the surface. The subject was illuminated by the double flash unit and the 
interval between the flashes was recorded by the electronic timer (section 
5.4) in microseconds. The photograph produced had a double image which 
indicated the distance moved by the film surface in the interval between 
the flash discharges. 
For each series of photographs a calibration photograph was 
taken, an example of which is shown on page 91. This·is a photograph 
of a carefUlly drawn grid layed on the rotor surface showing radial 
lines 100 apart and circumferential lines 1" apart. The photographs 
were analysed by first projecting the calibration photograph and tracing 
the projected lines. Then the photographs were projected onto this 
calibrated screen from which the movement of particular particles could 
be measured, both radically and tangentially. Two markers were placed 
within the field of view of every photograph so that it·could be projected 
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CALIBRATION GRID 
DOUBLE HIGH SPEED FLASH EXPOSURE FOR SURFACE VELOCITY 
MEASUREMENT • 
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precis~ly over the calibration photograph. 
The technique was improved by using colour film and putting 
a different coloured filter in front of each flash unit, which made the 
two images more easily distinguishable. 
photographs is shown on page 91. 
A print of one of these colour 
Care was taken in positioning the camera to insure that the 
plane of the photographic film was parallel with the rotor surface 
and that the axis of the camera intersected the axis of the rotor. 
These precautions were essential to insure that when the negative was 
projected the degree of magnification was uniform over the whole image. 
Only the centre portion, a segment of about 400 , was used for analysis 
as beyond this region the curvature of the rotor surface became 
significant. 
6.2.3. Particle Separation and Classification 
Solid material from a vibratory feeder was mixed with water, which 
was metered through rotameters, and fed onto the centre of the rotor. 
The solid particles. that were withdrawn from the slurry film as it flowed 
over the rotor surface were collected in the series of interlocking perspex 
trays·shown in the photograph on page 80. At the end of each run, 
the trays were carefUlly removed and their contents were analysed by sieving. 
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EXPERIMENTAL PROGRAMME AND RESULTS 
7.1 Film Thickness Measurement 
7.2 Surface Velocity Measurement 
7.3 Particle Separation and Classification 
7.1 FILM THICKNESS MEASUREMENT 
From a consideration of equation 4.8- it can be seen that there 
are a number of operating variables which affect the thickness of a 
liquid film flowing down a rotating inclined surface. These variables 
include the physical properties of the liquid,namely its viscosity and den-
sity, and the. liquid feed rate. On the mechanical side the variables are 
the speed of rotation of the surface, the angle of the surface to the 
horizontal and the diameter of the point under consideration. 
The experimental programme was designed so that, as far as possible, each 
one of the above variables was investigated. Firstly several different 
liquids. were used, which included water, kerosene and liquid paraffin, so 
that the effects of variation in liquid viscosity and density could be 
assessed. The thickness measurements were carried out at one particular 
diameter, but at various liquid feed rates and speeds of revolution. 
These results are given in tables No. I, 2 and 6 - 14, and are shown 
graphically in graphs No. 12, 13 and 17 - 25, where in each case the modif-
ied Nusselt parameter is plotted against Reynolds number. The angle 
of the rotating surface to the horizontal was 400 in each of these 
experiments, the rotor shown in drawing No. 3. beirig used. These experiments 
while evaluating the effects of changes in the physical properties of 
the liquid used, also enabled the effects of variation in the liquid feed 
rate and speeds of rotation to be assessed .. 
Equation 3.60 can be rewritten in the form 
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1 1 
* 3 3 
NT = 0.909 NRE 7.1 
The line represented by the above e~uation has been plotted on· 
each of the graphs No. 12 - 25. to ·show the divergence of the 
experimental results from this relationship. 
A series of experiments was carried out using a rotor with an 
outer surface at an angle of 700 to the horizontal to investigate. 
the effect of changes in the angle of the flow surface to the horizontal. 
These. results are tabulated in table No. 3. and are shown graphically in 
graph Noo 14. 
Finally a number of'experiments were carried out at diameters 
different from the previous experiments, to examine the variation of film 
thickness with diameter. These results are'shown in tables Nos. 4 
and 5 and in graphs Nos. 15 and 16. 
7.2. SURFACE VELOCITY MEASUREMENTS 
Measurements of surface velocities, both radial and tangential, 
were made for li~uid films under various conditions using the method 
described in section 6.202. For these experiments water was used 
and the rotating surface was inclined at 400 to the horizontal. 
Numerous measurements were made, ·but only a few could be included in 
this work. 
The circumferential surface velocities of·a li~uid film flowing 
on a surface rotating at 166 R.P.M. are'shown in graph No. 26, 27, 
28 and 29 for various li~uid flow rates. These measurements indicate 
the amount by which. the surface of the li~uid film lags behind·the rotor 
surface. At high speeds .of·revolution at which the film is not so thick, 
there is a corresponding reduction in the lag.· 
It, was found that the measurements ,of the radial'surface film 
95· 
velocities were very scattered indeed, so much so that in the majority 
of cases it was impossible to define any trend in the results, and so 
these have been omitted except for the results shown.in graph No. 30. 
Using the values of tangential surface film velocities from 
graph No. 29, equations 4.14., 4.15. and 4.16., were solved by computer 
to obtain values of the ratio of surface radial velocity to mean radial 
velocity at various values of Reynolds number. In addition the two 
cases, where the liquid in the first case is all moving at the rotor 
surface velocity and in the second at the film surface velocity, were 
calculated. These results are shown in graph No. 31., together with 
experimental results derived from graph No. 30. 
7.3. PARTICLE SEPARATION AND CLASSIFICATION 
The separation of solid particles from a liquid film by a 
centrifugal force is a complex problem, which in practice is further 
complicated by such effects as air drag, particle non-uniformity and velocity 
distributions in the moving film. However, a number of experiments were 
carried out and the results compared, as ·far as possible, with the 
predictions of the theoretical treatment described in section 4.4. 
When a slurry was fed to the machine the issuing particles were 
collected in a series of perspex trays producing four fractions, refered 
to subsequently as Nos. 1, 2, 3 and 4. Fraction No.1. was the first 
cut, containing the coarser material which left the liquid film at or 
very near the top periphery of the rotor. The next two cuts, fractions 
Nos. 2 and 3, consisted of solid material leaving the liquid film in 
successive ranges of diameters on the conical outer surface of the rotor 
and the final fraction, No. 4, contained material which had travelled down 
the rotor surface and left the outside edge of the rotor with the liquid. 
A series of trial runs were made using sand and water mixtures at 
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various speeds of rotation and solid feed rates. A size analysis of 
each fraction was carried out by sieving. Details of those experiments 
are given in table No. 15 and the size analyses for each run are shown in 
graphs No. 32 - 39. 
In all the runs, except run No. B, a conical rotor was employed, 
which is shown in drawing No.3. A rotor, having two separate radii 
over which the liquid had to travel, was used in run No. B. This 
rotor is shown in drawing No. 4. 
A theoretical solution to the· problem of particle escape from a 
conical rotor was obtained by a computer solution of equations 4.22, 
4.23, 4.24 and 4.25. For particular sizes of particle and rotor speeds, 
. , 
values of the angle e and the radius of the point on the rotor surface 
being considered were assumed in a trial and error solution to find the 
instant at which the centrifugal force exceeded the surface tension 
and capillary forces. For any particular rotor speed, this method resulted 
in a relationship between particle diameter and radius at which each 
particle size will leave the liquid film. This relationship is shown 
in graph No. 40 for various rotor speeds and from this, the range of 
particle sizes that should fall on each of the perspex trays can be 
predicted. These predictions are shown in table No. 16, together 
with the corresponding experimental results. 
In order to reach the conical outer surface of the rotor, the 
liquid travelled radially over a radius which created a second centrifugal 
force. The resultant of the two centrifugal forces reaches a maximum 
at the point at which the radius merges with the straight profile of 
the outer conical section. Thus a smaller particle than predicted 
by the first theoretical treatment could be ejected from the film 
at this point. This has been dealt with theoretically in section 4.4 
and equation 4.26 was substituted for equation 4.24 in the first 
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computer solution and the particle size that would be ejected, at the 
point where the radius joins the outer surface, was determined for the 
conditions prevailing in tests Nos. 1 - 7. The results of this computer 
solution are shown in table No.17 together with 90% cut-off point 
for the top tray in each test. 
In this solution the particle was assumed to be travelling 
radially at the mean film velocity. 
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DISCUSSION OF EXPERIMENTAL RESULTS AND COMPARISON 
WITH PUBLISHED THEORY AND RESULTS 
The ability of a jet of fluid to ':le deflected by a 
curved surface has been exploited in the aviation industry, but the 
phenomenon is not restricted to air systems. In the situation that 
has been investigated, a thin liquid film is produced by feeding a 
liquid onto a rotating surface and the liquid film flowing radially follows, 
the contours of the·surface even when it is inclined away from the axis 
of rotat ion. 
The complexity of the flow of a jet over a curved surface has 
been emphasised by Willie and Fernholz (119). However it may be explained 
in a simplified manner by consideration of the situation shown in figure 
8.1. Along each of the free surfaces the pressure must be constant. 
However, in order that an element of liquid may travel along ABC its 
velocity must increase between the points B and C and consequently its 
pressure must decrease. 
acting on each element. 
Therefore there is a nett force towards 0 
After the liquid has passed the point A 
the pressure increases until at point D it again equals the free 
surface pressure and separation occurs. 
A 
\ 
Figure 8.1. 
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Klein (73) has reported experiments in which it lS shown 
that the point of separation is unaffected by a reduction in pressure, 
as.long as it remalns above the vapour pressure of the liquid, and by the 
fact that the liquid jet may be turbulent. In the present work it was found 
that the liquid film adhered to the surface at speeds of up to 1500 H.P.M. 
and that the limiting factor was liquid entrainment and not the centrifugal 
force. 
The flow of liquid films is a complex problem as it is 
usually accompanied by waves at the free surface, which complicates any 
attempt to describe the flow theoretically. In the case of liquid film 
flow on rotating surfaces, it is further complicated by the fact that 
there is flow in both the radial and tangential directions and that the 
two are interdependant, the tangential velocity determining the magnitude 
of the centrifugal force while the radial velocity partly determines the 
magniturde of the coriolis force. 
The theore,tical treatments of film flow show the film thickness 
to be an important parameter. Consequently a considerable number of thickness 
measurements of liquid films flowing under gravity on vertical and 
inclined surfaces have been made the last few decades. Many of these 
were made using a simple drainage or micrometer technique giving results 
which were not of a high degree of accuracy. However, some thickness 
measurements obtained by more accurate methods are shown in figure 3.4. 
These partly show the trend that has been found by the majority of 
investigators. At the lowest values of Reynolds number in the smooth 
laminar region the film thickness is predicted by the Nusselt relationship, 
equation 3.63. It has been found that as wavy laminar flow commences 
the experimental values deviate from the line given by equation 3.63. 
there being a reduction in the film thickness as predicted by the 
100. 
Kapitsa treatment (equation 3.64). At ·larger values of Reynolds 
number there is a gradual transition back to the Nusselt line which 1S 
intersected at about NRE = 1300. At larger values of Reynolds· 
number the experimental values ·fall above the Nusselt line. 
It ·has already been pointed out that the flow of liquid 
films on a rotating surface is complicated by the flow in both the 
radial and tangential directions. It has been found that the 
surface tangential velocity of the film may be considerably less than 
that of the rotating surface, so that the centrifugal force operating 
on· the film is not uniform throughout its thickness. The interelation 
between the radial and tangential velocities will be discussed later. 
For the purposes of correlating the thickness measurements 
of films flowing on a rotating surface, the film was assumed to be moving 
tangentially at the surface velocity of the rotor. Thus the motivating 
force was the sum of the components of the gravitational and centrifugal 
forces~ The assumption appears to have been a reasonable one, when the 
resulting correlation is compared with those obtained by investigators working 
on film flow under gravity. 
At very low Reynolds numbers· (below NilE = 1) the experimental 
values of film thickness were found to follow the Nusselt line. This 
can be seen in graph No. 12. in which ·the thickness measurements for 
liquid paraffin are correlated. 
It can be seen from graphs No. 6 - 14 that for higher 
Reynolds numbers the correlation between the modified Nusselt parameter 
and Reynolds number follows a similar pattern to those of earlier 
investigators, although there ·are certain dissimilarities. Up to a 
Reynolds number of between 400 and 500 the film thicknesses are less 
than are predicted by the Nusselt line and follow more closely to the 
Kapitsa relationship for wavy flow. Above a Reynolds number of about 
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500 the film thicknesses are greater than predicted by the Nusselt 
equation and there is an increasing deviation from it. This deviation 
occurs at a much lo~er Reynolds number than it does in the case of 
film flo~ under gravity. An explanation of this feature is that at 
higher Reynolds numbers the film is becoming appreciably thicker and 
is more greatly affected by interfacial drag. Owing to this the 
centrifugal force acting radially on the surface layers of the film 
is less than in the remainder of the film, so that the mean radial 
velocity is less and consequently the mean film thickness is greater. 
It can be seen from graphs Nos. 12 - 25 that the correlation 
does not vary appreciably ~ith the speed of the rotor, ~hich indicates 
that interfacial drag is dependant on film thickness' and that the 
relative veloci t,y' of the air and the liquid film is of little importance. 
Although Fulford (49) found that the thickness of films 
falling under gravity ~ere dependant on the angle of inclination of the flo~ 
plane, it appears from graph No. 14. that in the case of rotating films 
it is not appreciable. Also, neither the type of liquid or the radius 
at ~hich measurements ~ere made had any significant effect on the film thick-
ness ~ Ho~ever in the case of the latter it is necessary to point out that 
measurements ~ere made ~ell·a~ay from areas influenced by entrance effects. 
Bruley's (21) theoretical treatment of the entrance effects in 
gravity flo~ indicate that the entrance region is relatively short and 
there is no reason to assume that the conditions in the case of film 
flo~ on rotating surfaces should be significantly different. 
The B-backscatter method of film thickness measurement 
has proved to be an accurate one. The validity of the calibration of the 
gauge has been discussed earlier. Ho~ever a comparison bet~een the 
thickness results sho~ in graph No. 17 for flo~ under gravity and those 
of other investigators further sUbstantiate this method of calibration. 
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The gauge used in these experiments monitored the thickness of an area 
2 
of film of about 8 cm • for a period of several minutes, which produced 
a mean thickness which was both time and position averaged. 
The calibration curve, an example of which is shown 1n 
graph No. 5., shows that the relation between count rate and absorber 
thickness is not strictly linear. The consequence of this is that 
when the gauge is monitoring the thickness of wavy films the measurement 
of thickness will be lower than the geometrical mean. 
The thickness measurements made by Espig (42) of liquid 
films on a rotating disc cannot be compared with those obtained in this 
work, because Espig employed a micrometer technique which measured the 
maximum film thickness. 
The flow of liquid films radially and tangentially and its effect 
on the film thickness has already been briefly mentioned. In the 
theoretical treatment in section 4.3. the effects of assuming various 
tangential velocity profiles are examined and an expression for the 
resulting radial velocity obtained in each case. 
live different tangential velocity profiles were used. 
For very thin films, the film may be .expected to travel tangential at 
or near the rotor surface velocity. Therefore a semiparabolic profile 
in which the majority of the film was moving at the rotor speed was 
examined, together with the case in which all the film is moving at the 
rotor speed. For thick films the film might be expected to move much 
slower than the rotor surface and thus the corresponding semiparabolic 
case was examined together with the case in which all the film is moving 
with the film surface velocity. Finally, the linear velocity profile was 
also examined. 
The radial and tangential surface velocities were measured 
to establish which of the above assumed profiles approximated more 
closely to the experimental results. The tangential velocity measurements 
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were used, together with the equations derived in section 4.3., to 
derive the surface radial velocity and hence the ratio of surface 
radial velocity to mean radial velocity. The results shown in 
graph No. 31., together with the experimentally derived values of the 
ratio, show that tangentially the majority of the film is travelling 
at the velocity of the solid surface and that only the surface layers 
of the film are appreciably affected by the interfacial drag, ·at least 
in this particular instance. This confirms the tentative conclusions 
made earlier from the film thickness correlation. 
As the film flow tends to smooth laminar flow at low 
Reynolds numbers, it is expected that the radial surface velocity 
ratio should tend to the value of 1.5. 
in graph No. 3l. 
This is shown to be the case 
The measurements of tangential surface film velocities 
given in graph Nos. 26 - 29 show that the surface velocity is dependant 
upon the film thickness, the thinner the liquid film the nearer the 
tangential surface velocity approaches that of the rotor surfacQ. 
The measurement of radial surface velocities proved to be less 
successful because the wave motion on the film was in most cases radial, 
which caused considerable fluctuations in the surface velocity. The 
resulting measurements were not directly related to radius owing to the 
continual variations in thickness. 
The separation of a solid particle from a liquid is 
a complex problem from a theoretical point of view. The theoretical 
treatment given in section 4.4.treats the point of separation as an 
equilibrium between three forces. On the' one hand the forces due to surface 
tension and capillary pressure retaining the particle, while on the other 
there is the centrifugal force pulling the particle away from the film. 
While in this position the particle is connected to the main body of 
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liquid by a pendular ring or thin bridge of liquid. 
The theoretical treatment outlined in section 4.4. 
assumes that the particle is spherical, that the angle of contact 
between liquid and.solid in zero, that-the tangential velocity of 
the particle is identical with that of the rotor surface and that the 
gas liquid interface of the pendular ring is of constant curvature. 
The first assumption, that the particle is spherical, 
IS a reasonable one for a regular material such as sand. However, large 
discrepancies will be involved for irregularly shaped particles because 
the mass to perimeter ratio will increase or decrease, and thus the 
shape of the pendula ring will change, according to the orientation of 
the particle in relation to the liquid surface. The dimensions of the 
pendular ring determine the magnitude of the surface tension and capillary 
forces. 
The wettability of different solid surfaces has been 
discussed by Osterhoff and Bartell (90), but in this particular instance 
the particle is emerging from the liquid film in which case, if it is 
physi~ally possible, it will be completely wetted and the assumption 
of zero contact angle valid. The particle could even emerge from the 
film-completely enclosed in a liquid droplet. This possibility will be 
men'tioned later. 
The third assumption, that the solid particles are 
moving at the same tangential velocity as the rotor surface, may be a valid 
one in some circumstances and yet invalid in others. Firs tly, for .thin 
films, which have a more or less constant tangential velocity throughout 
their thickness, and small particles the assumption is valid, but for 
larger particles with a major portion projecting beyond the film and 
subjected to air drag then the assumption may introduce errors. For 
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thicker films both the small particles, which would migrate under the 
centrifugal force to the surface layers of film and larger particles 
would be moving slower than the rotor surface tangentially. 
It has already been pointed out in section 4.4. that 
the pendular ring configuration assumed in the theoretical treatment is 
not of constant curvature, but it has been shown by Melrose and Wallick 
(87) that the assumption does not introduce large errors in the 
calculation of the volume of the pendular ring. However, it does 
introduce possible error in the consideration of the pendular ring 
equilibrium, where the -surface tension forces are balanced against the 
pressure defficiency. This method assumes a constant pressure 
defficiency over the whole gas liquid interface of the pendular ring, which 
is not strictly the case. It is obviously necessary to establish a 
more complete mathematical description of the pendular ring profile. 
The equations derived in section 4.4. governing the escape 
of solid particles from liquid films were solved on a computer by a trial 
and error solution. The results of the solution, indicating the 
size of particle which just escapes at any particular radius and speed, 
are shown in graph No. 40. 
The theoretical results do not correspond very well with those 
obtained experimentally, due partly to the assumptions in the theoretical 
analysis already mentioned and others, such as air drag which could 
prematurely sever the pendula ring and surface disturbances which could 
hinder or assist particle separation depending upon the circumstances. 
It vould be of considerable value to establish the affect· of the addition 
of surface active agents to the liquid solid mixture" as by so doing 
surface disturbances could be considerably reduced. This could not 
only improve the classification of particles but produce a drier product 
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by reducing or eliminating liquid entrainment. 
The feed material used in tests No. 1 - 4 was very nearly 
identical as far as size distribution was concerned and the influence 
of the speed of rotation can be seen on the size distributions of the 
various fractions and their weight distributions. As expected, 
as the speed is increased, so the proportion of material on the uppermost 
tray increases and on the lowest tray decreases. There is a 
corresponding increase of fine material in the coarser fractions. 
Tests Nos. 5 and 6 are identical except for the rate at 
which the solids are fed, there being a-difference of a factor of five. 
However, it can be seen from the size distributions of the individual 
fractions that they do not vary appreciably between the two tests. 
The rotors employed in this work have at least one radius 
in the radial path of·the film over which the film must pass and in so 
doing generate an additional centrifugal force. This case has also 
been treated theoretically in section 4.4., the results of which are 
shown in table No.1T, together with ·the experimental 90% cut-off point 
of the top tray. The theoretical predictions are not good but are subject 
to the same assumptions as the other theoretical treatment. 
The feed material to the last two tests Nos. 7 and 8 show 
the effect of employing different.rotor profiles. As rotor C has an 
outer force at 700 to the horizontal, it is expected that the combined 
centrifugal forces operating at the first radius would be greater than 
for rotor B, thus causing rotor C to eject more material at this radius 
than rotor B. On rotor C the radius does not increase as quickly as 
it does on rotor B and so less material is thrown onto tray No. 2., 
but the second radius· on rotor C causes more material to be ejected onto 
tray No. 3. These observations are confirmed by the experimental 
results, which emphasise the importance of the rotor profile in 
determining the final size distributions and weight distributions of 
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the various fractions. Of course the actual position of each collecting 
tray in relation to the rotor is also important. 
In practice it is found that the size distributions obtained 
are much broader than theoretically predicted. This is due to such 
factors as surface disturbances, particle irregularities and particles 
hindering or assisting the escape of other. In addition each particle 
could be enclosed by a li~uid film, so making it effectively much heavier 
than theoretically envisaged. 
Although this method of classification lS, by virtue of its 
fUndamental mode of oepration, a wet classification method, the products 
under certain conditions have been found to have a moisture content 
of only 13%. At high speeds of operation, above 1000 R.P.M.,it was found 
that ~uantities of free li~uid accumulated in the collecting trays due to 
entrainment. 
This machine is naturally limited to applications where the 
wetting of the solid material is of no conse~uence in classification 
and where the moisture content of the final.products is of little importance. 
The factors affecting the scale-up of the machine have not been 
examined, but it is a SUbject which re~uires investigation. 
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
9.1. CONCLUSIONS 
1. A liquid film flowing radially outwards over a rotating surface 
will, under suitable conditions, adhere to the surface, even if it is 
inclined at an angle away from the axis of rotation. 
is known as the Coanda effect. 
This' phenomenon 
2. The thicknesses of liquid films flowing on rotating surfaces 
can be correlated using a modified Nusselt parameter defined by equation 
4.8 • The correlation between the modified Nusselt parameter and 
Reynolds number (graphs 12 - 25) does not change appreciably with the 
speed of rotation of the surface and, therefore,it can be used to 
predict the thicknesses of liquid films up to speeds of at least 350 R.P.M. 
3. The interaction between the radial and tangential film velocities 
has been studied. A theoretical relationship between the radial and 
tangential film velocities has been developed, which has shown that for 
thin films interfacial drag does not seriously affect the bulk of the 
liquid flowing tangentially and it therefore can be considered, for 
most purposes, to be moving at the surface velocity of the rotor. It 
has been shown that -..: .~ .. ~'. '" the film surface velocity tangentially may 
'be considerably less than the surface velocity of the rotor. 
4. Solid liquid mixtures may be separated into their constituent 
parts or differentially classified by ro~ating the material as a thin film. 
A theoretical ,treatment of the particle separation has been developed 
by considering the centrifugal force acting on the particle to be 
counteracted by the surface tension and capillary forces. The , 
experimental results for the separation and classification of slurries 
indicate that the particles escape from the film at a lower centrifugal 
force than is predicted by the theoretical analysis. However the 
109 
theoretical treatment does not take into account such factors as 
the effect of air drag on the particle, which could prematurely 
break the liquid pendule holding the particle to the liquid, and 
particle shape. 
9.2 RECOMMENDATIONS FOR FUTURE WORK. 
During recent years there has been an increasing activity in 
the study of liquid films. This has been encouraged by the development 
of improved techniques for the measurement of local film thicknesses, 
wave profiles and film velocity profiles. 
The study of the flow of liquid films on rotating surfaces has 
received far less attention than the flow of liquid films under 
gravity, mainly due to its more limited application. This being the 
case, there is a considerable amount of work necessary in examining 
the fundamental flow parameters such as film thickness, velocity 
profiles and wave profiles. 
Liquid entrainment is an important consideration in the study 
of liquid films and particularly in the case of film flow on a rotating 
surface. Dukler and Wicks (39) have pointed out the serious lack of 
knowledge of liquid entrainment. This is probably due to the complexity 
of the- problem, both from a-theoretical and practical point of view. 
It has been noted by Knuth (74) that liquid entrainment is connected 
with certain wave-formations and so it would be of great interest to 
investigate wave formations on rotating liquid-films and in particular the 
effectiveness of surface active agents in· reducing them. The addition 
of surfactants may also improve particle classification from a rotating 
liquid film by reducing entrainment and interfacial disturbances. 
The method of solid liquid separation and classification described 
in this work needs further investigation. The influence of the particle 
shape, density and the liquid surface tension on the final separation need 
to be evaluated. 
llO. 
On the mechanical side there are a number of design features which 
need fully investigating. It has been shown that the rotor shape has 
an important 'effect on the product size and weight distributions. .This 
is also true of the position of the collecting trays. It ·may be possible 
to enhance the classification·obtained.by taking advantage of the 
different. trajectories of particles of different shape and size and 
collect the particles in a horizontal plane. 
From a commercial point ?f view the scale-up factor of the. machine 
is important and it is also necessary to be able to predict the size 
distribution and weight distribution of the final products, as well as the 
maximum feed rate and maximum .feed c·oncentration. 
This type of apparatus where a liquid is transformed into a fast 
moving film has further possible applications in gas .absorbtion or, owing to 
its low residence time, the evaporation of heat sensitive liquids. 
However further research is necessary before full advantage can be taken 
of these possibilities. 
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THE THEORETICALLY PREDICTED VARIATION IN SIZE OF ESCAPING PARTICLE HITH RADIUS AND SPEED. 
TABLE No. 1 
Water White Liquid Paraffin 
D = 29.72 cms. p = 0.883 gms/c. c. 
106 R.P.M. 
Feed Rate Viscosity Film Thickness NRE NT 
Litres/Min. (Poise) (cms) 
0.149 1. 710 0.0477 0.055 0.3888 
0.245 1. 710 0.0565 0.090 0.4608 
0.385 1.655 0.0632 0.147 0.5266 
0.781 1.655 0.0807 0.298 0.6730 
1.087 1.655 0.0898 0.414 0.7485 
1.608 1. 600 0.1020 0.634 0.8694 
1.948 1. 600 0.1065 0.768 0.9078 
1.948 1.900 0.1171 0.646 0.8901 
134 R.P.M. 
2.015 1.835 0.1021 0.693 0.8917 
1.698 1.835 0.0952 0.584 0.8314 
1.484 1.735 0.0906 0.539 0.8210 
1.048 1.710 0.0799 0.386 0.7315 
0.759 1.710 0.0713 0.280 0.6528 
0.365 1. 710 0.057 0.134 0.5223 
0.249 1. 760 0.0507 0.089 0.4554 
0.198 1.655 0.0424 0.076 0.3961 
0.031 1. 600 0.0245 0.012 0.2339 
166 R.P.M. 
1.886 1.655 0.0845 0.718 0.8874 
1.048 1. 710 0.0701 0.386 0.7204 
0.838 1.550 0.0613 0.341 0.6723 
2.016 1.835 0.0901 0.693 0.8839 
1.551 1.655 0.0804 0.591 0.8446 
0.422 1. 600 0.0519 0.166 0.5573 
0.266 1.600 0.0434 0.105 0.4659 
0.182 1.495 0.0339 0.077 0.3806 
TABLE No. 1 (cont.) 
202 R.P.M. 
Feed Rate Viscosity Film Thickness NRE NT 
Litres/Min. (Poise) (ems) 
2.571 1.44 0.0780 1.126 1.0075 
2.152 1.44 0.0728 0.942 0.9403 
1. 501 1.71 0.0695 0.553 0.8007 
244 R.P.M. 
2.316 1. 600 0.0693 0.913 0.9351 
1. 948 1. 600 0.0657 0.768 0.8862 
1.710 1.495 0.0621 0.680 0.8427 
58 R.P.M. 
1. 812 2.030 0.1474 0.563 0.8605 
1. 755 1.770 0.1352 0.625 0.8647 
1. 427. 1.835 0.1332 0.490 0.8314 
1.048 1.710 0.1100 0.386 0.7195 
0.781 1.655 0.0930 0.298 0.6218 
0.453 1.495 0.0758 0.191 0.5422 
0.379 1.835 0.0787 0.130 0.4913 
0.246 1. 710 0.0669 0.091 0.4379 
/ TABLE No. 2 
Kerosene 
D = 29.72 ems. e = 
106 R.P.M. 
Feed Rate Viscosity Density Film Thickness NRE NT 
Litres/Min. (Poise) gms/cc. (ems) 
10.15 0.01522 0.783 0.0355 372.8 6.22 
7.10 0.01430 0.781 0.0289 " 276.9 5.28 
5.90 0.01400 0.780 0.0264 234.7 4.88 
11.80 0.01374 0.780 0.0387 478.3 7.25 
5.77 0.01362 0.779 0.0254 235.6 4.78 
4.33 0.01360 0.779 0.0213 177.1 4.01 
3.26 0.01339 0.778 0.0169 135.2 3.23 
2.22 0.01333 0.778 0.0126 92.5 2.40 
134 R.P.M. 
10.15 0.01304 0.777 0.0314 431.8 6.81 
13.40 0.01293 0.777 0.0378 574.9 8.25 
7.10 0.01278 0.776 0.0236 307.8 5.18 
5.90 0.01276 0.776 0.0183 256.2 4.02 
8".30 0.01271 0.780 0.0263 361.8 5.79 
5.77 0.01391 0.780 0.0211 231.0 4.40 
4.33 0.01381 0.780 0.0192 174.6 4.02 
3.26 0.01377 0.780 0.0174 131.8 3.66 
2.22 0.01370 0.780 0.0161 90.2 3.40 
. 
----------- ---_. 
TABLE No. 3 
Water 
D = 24.92 e p = 0.9991 
106 R.P.M. 
Feed Rate Viscosity Film Thickness NRE NT 
Li tres/Min. (Poise) (ems) 
5.92 0.0124 0.0354 406.1 7.48 
2.98 0.0127 0.0250 199.6 5.20 
1.46 0.0127 0.0109 97.8 2.27 
0.71 0.0127 0.0103 47.6 2.14 
8.93 0.0131 0.0388 579.9 7.90 
15.00 0.0131 0.0502 974.1 10.22 
20.00 0.0131 0.0602 1298.7 12.26 
134 R.P.M. 
20.00 0.0131 0.0588 1298.7 12.78 
15.00 0.0131 0.0526 974.1 11.43 
8.95 0.0131 0.0400 581. 2 8.70 
5.90 0.0129 0.0344 383.1 7.48 
2.98 0.0127 0.0254 199.6 5.64 
1.46 0.0125 0.0216 99.3 4.84 
0.71 0.0124 0.0082 48.7 1.85 
166 R.P.M. 
0.71 0.0122 0.0108 49.5 2.68 
1.46 0.0124 0.0134 100.2 3.26 
2.98 0.0127 0.0249 199.6 5.96 
5.90 0.0129 0.0286 389.1 6.77 
8.95 0.0129 0.0400 590.2 9.48 
TABLE No. 3 (cont.) 
183 R.P.M. 
Feed Rate Viscosity Film Thickness NRE NT 
Litres/Min. (Poise) (ems) 
5.90 0.0131 0.0312 383.1 7.61 
2.98 0.0131 0.0211 193.5 5.15 
1.45 0.0131 0.0171 94.2 4.17 
0.71 0.0131 0.0124 46.1 3.02 
202 R.P.M. 
5.90 0.0133 0.0312 383.1 7.94 
2.98 0.0131 0.0234 193.5 5.96 
1.45 0.0131 0.0177 94.2 4.50 
0.71 0.0131 0.0150 46.1 3.82 
TABLE No. 4 
D = 40.94 e = 40.0 p = 0.9991 
106 R.P.M. 
Flow Rate. Viscosity Film Thickness NRE NT 
Litres/Min: (Poise) (cms) 
5.95 0.0119 0.0230 258.9 6.04 
15.00 0.0124 0.0362 626.4 9.25 
8.95 0.0124 0.0285 373.7 7.28 
20.00 0.0125 0.0413 828.5 10.50 
5.92 0.0124 0.0202 247.2 5.16 
1.47 0.0120 0.0126 63.4 3.29 
0.71 0.0119 0.0109 30.9 2.86 
2.99 0.0120 0.0148 129.0 3.86 
183 R.P.M. 
2.99 0.0122 0.0133 126.9 4.65 
5.95 0.0120 0.0154 256.7 5.45 
8.95 
" 
0.0124 0.0200 373.7 6.93 
15.00 0.0125 0.0266 621.4 9.17 
20.00 0.0125 0.0306 828.5 10.55 
1.46 0.0124 0.0113 61.0 3.91 
0.71 0.0122 0.0070 30.1 2.45 
294 R.P.M. 
2.98 0.0125 0.0212 123.4 9.82 
5.92 0.0124 0.0126 247.2 5.86 
8.95 0.0125 0.0144 370.7 6.67 
15.00 0.0125 0.0191 621.4 8.84 
20.00 0.0125 0.0232 828.5 10.74 
0.71 0.0122 0.0051 30.1 2.40 
TABLE No. 5 
Water 
D = 36.67 cms. 9 = 40.0 p = 0.9991 
160 R.P.M. 
Flow Rate Viscosity Film Thickness NRE NT 
Litres/Min. (Poise) (cms) 
20.00 0.0124 0.0417 923.4 10.37 
15.00 0.0124 0.0347 699.3 8.63 
8.95 0.0125 0.0271 413.9 6.70 
5.90 0.0124 0.0214 275.1 5.32 
2.98 0.0124 0.0152 138.9 3.78 
1.45 0.0124 0.0112 67.6 2.78 
2.99 0.0117 0.0157 147.7 4.06 
8.95 0.0125 0.0284 413.9 7.02 
15.00 0.0127 0.0356 682.8 8.71 
20.00 0.0127 0.0424 910 .4 10.38 
1.48 0.0120 0.0117 71.3 2.97 
0.72 0.0120 0.0112 34.7 2.85 
2.98 0.0124 0.0152 138.9 3.78 
5.92 0.0124 0.0223 276.0 5.54 
183 R.P.M. 
2.99 0.0120 0.0118 144.0 4.04 
5.90 0.0124 0.0157 275.1 5.26 
8.95 0.0125 0.0205 413.9 6.84 
15.00 0.0125 0.0290 693.7 9.67 
20.00 0.0125 0.0341 925.0 11.37 
1.48 0.0119 0.0096 71.9 3.31 
274 R.P.M. 
20.00 0.0127 0.0248 910.4 10.97 
15.00 0.0125 0.0209 693.7 9.34 
8.95 0.0125 0.0174 413.9 7.78 
5.90 0.0125 0.0149 272.9 6.66 
20.00 0.0129 0.0230 896.3 10.07 
15.00 0.0129 0.0200 672.2 8.76 
8.95 0.0129 0.0179 401.1 7.83 
Water 
--
D = 29.72 e 
o R.P.M. 
Flow Rate Viscosity 
Li tres/Min. (Poise) 
2.98 0.0110 
4.95 0.0111 
7.45 0.0113 
1.49 0.0113 
0.73 0.0113 
9.95 0.0113 
15.00 0.0113 
Water 
--
D = 29.72 ems. 
62 R.P.M. 
7.45 0.0113 
2.99 0.0113 
1.48 0.0113 
0.73 0.0113 
0.26 0.0111 
9.96 0.0111 
2.97 0.0110 
4.95 0.0111 
9.96 0.0111 
15.00 0.0111 
20.00 0.0113 
TABLE No. 6 
= p 3 = 0.9991 gms/cm 
Film Thickness NRE NT (ems) 
0.0267 
0.0309 
0.0360 
0.0234 
0.0201 
0.0418 
0.0514 
TABLE No. 7 
e = p 
0.0334 
0.0232 
0.0190 
0.0134 
.0.0085 
0.0377 
0.0216 
0.0260 
0.0375 
0.0494 
0.0571 
193.3 4.63 
318.1 5.32 
469.9 6.12 
94.0 3.98 
46.0 3.42 
627.6 7.11 
946.1 8.74 
3 
= 0.9991 gms/cm 
470.3 6.86 
188.7 4.77 
93.4 3.90 
46.1 2.75 
16.7 1. 76 
640.1 7.84 
192.6 4.52 
318.1 5.41 
640.1 7.80 
964.0 10.27 
1262.5 11.74 
Water 
D = 29.72 ems, 
106 R.P.M. 
Flow Rate Viscosity 
Litres/Min. (Poise) 
8.95 
6.90 
2.98 
1.45 
0.71 
1.45 
.,. 2.71 
0.15 
4.00 
4.95 
5.45 
7.95 
5.90 
4.00 
11.95 
15.00 
20.00 
Water 
D 
134 RPM 
4.00 
5.90 
7.95 
20.00 
15.00 
11.75 
0.72 
0.0117 
0.0129 
0.0131 
0.0131 
0.0129 
0.0129 
0.0135 
0.0131 
0.0111 
0.0127 
0.0129 
0.0129 
0.0129 
0.0127 
0.0131 
0.0131 
0.0131 
=. 29.72 ems. 
0.0127 
0.0127 
0.0129 
0.0131 
0.0131 
0.0131 
0.0117 
TABLE No. 8 
Film Thickness 
( ems) 
0.0324 
0.0285 
0.0197 
0.0143 
0.0112 
• 0.0142 
0.0190 
0.0078 
0.0220 
0.0237 
0.0247 
0.0296 
0.0251 
0.0199 
0.0385 
0.0446 
0.0549 
TABLE No. 9 
p 
0.0184 
0.0231 
0.0259 
0.0524 
0.0419 
0.0349 
0.0097 
p 3 = 0.9991 gms/cm. 
NRE NT 
545.7 7.98 
381.6 6.57 
162.3 4.49 
79.0 3.26 
39.3 2.57 
80.2 :i.27 -
143,2 4.25 
8.2 1. 79 
257.1 5.60 
278.0 5.51 
301.4 5.69 
429.6 6.81 
326.3 5.78 
224.7 4.63 
650.7 8.77 
816.8 10.16 
1089.1 12.51 
., 
3 
= 0.9991 gms ./cm .. 
224.7 4.80 
331.4 6.03 
439.6 6.69 
1089.1 13.40 
816.8 10.71 
639.8 8.92 
43.9 2.66 
Water 
D = 29.72 ems. 
166 R.P.M. 
Flow Rate Viscosity 
Litres/Min. (Poise) 
15.00 0.0131 
20.00 0.0133 
11. 95 0.0133 
4.95 0.0120 
9.95 0.0125 
5.90 0.0125 
6.95 0.0122 
4.95 0.0127 
2.98 0.0127 
1.47 0.0125 
6.90 0.0122 
4.00 0.0125 
8.45 0.0127 
0.70 0.0125 
Water 
D = 29.72 ems. 
183 R.P.M. 
11.45 0.0119 
15.00 0.0127 
20.00 0.0131 
20.00 0.0129 
4.00 0.0127 
4.00 0.0125 
2.94 0.0125 
1. 46 0.0125 
0.73 0.0103 
0.31 0.0117 
0.09 0.0110 
0.73 0.0111 
TABLE No. 10 
e = p 
Film Thickness 
(ems) 
0.0370 
, 
0.0478 
0.0301 
0.0187 
0.0269 
0.0198 
0.0209 
0.0186 
0.0138 
0.0112 
0.0197 
0.0168 
0.0238 
0.0087 
TABLE No. 11 
e p 
0.0272 
0.0327 
0.0437 
0.0413 
0.0143 
0.0155 
0.0132 
0.0101 
0.0084 
0.0065 
0.0033 
0.0081 
2 
= 0.9991 gros/cm. 
NRE NT 
816.8 10.63 
1072.7 13.59 
640.9 8.56 
294.3 5.69 
567.8 7.97 
336.7 5.87 
406.4 6.29 
278.0 5.45 
167.4 4.05 
83.9 3.32 
403.4 5.93 
228.3 4.98 
474.6 6.98 
39.9 2.57 
3 
= 0.9991 gros/cm. 
686.4 8.80 
842.5 10.14 
1089.1 13.27 
1105.9 12.67 
224.7 4.43 
228.3 4.86 
167.8 4.13 
83.3 3.16 
50.6 3.00 
18.9 2.13 
5.8 1.14 
46.9 2.75 
TABLE No. 12 
Water 
D = 29.72 cms. 
244 R.P.M. 
Flow Rate Viscosity Film Thickness 
Litres/Min. (Poise) (cms) 
4.0.0. 0..0.125 0..0.122 
2.98 0..0.127 0..0.120. 
1.46 0..0.125 0..0093 
11.95 0..0.125 0..0.232 
15.00 0..0.129 0..0.270. 
20..0.0. 0..0.129 0..0.340. 
8.95 0..0.129 0..0.186 
6.90. 0..0.129 0..0.174 
4.95 0..0.129 0..0.148 
6.90. 0..0.127 0..0.163 
4.95 0..0.127 0..0.135 
1.45 0..0.124 0..0.114 
TABLE No. 13 
294 R.P.M. 
0..72 0..0.107 0..0.0.58 
0..73 0..0.117 0..0.0.38 
1. 45 0..0.127 0..0082 
2.98 0..0.131 0..0.100. 
6.90. 0..0.127 0..0.131 
11.95 0..0.131 0..0.20.2 
20..0.0. 0..0.131 0..0.239 
20..0.0. 0..0.131 0..0.295 
5.90. 0..0.129 0..0.131 
4.0.0. 0..0.127 0..0.10.4 
8.95 0..0.127 0..0.166 
22.70. 0..0.111 0..0.40.3 
3 P = 0..9991 gms/cm. 
1 
NRE NT 
228.3 4.54 
167.4 4.42 
83.3 3.45 
681.9 8.63 
829.4 9.84 
110.5.9 12.39 
494.9 6.78 
381.6 6.34 
273.7 5.39 
387.6 6.0.0. 
278.0. 4.97 
83.4 4.26 
48.0. 2.69 
44.5 1.66 
81.4 3.39 
162.3 4.0.3 
387.6 5.42 
650..7 8.18 
10.89.1- 9.68 
1089.1 11. 95 
326.3 5.36 
224.7 4.30. 
50.2.7 6.86 
1458.8 18.23 
. 
Water 
D = 29.72 ems. 
357 R.P.M. 
Flow Rate Viscosity 
Li tres/Min. (Poise) 
8.95 0.0119 
6.90 0.0131 
4.95 0.0133 
2.98 0.0131 
1.45 0.0131 
11.95 0.0129 
20.00 0.0113 
17.50 0.0117 
22.70 0.0111 
27.20 0.0111 
18.20 0.0116 
36.30 0.0110 
13.60 0.0110 
11.35 0.0108 
9.95 0.0113 
5.95 0.0111 
9.95 0.0113 
TABLE No. 14 
e = p 
Film Thickness 
(ems) 
0.0163 
0.0148 
0.0118 
0.0094 
0.0076 
0.0192 
0.0255 
0.0243 
0.0291 
0.0325 
0.0242 
0.0522 
0.0270 
0.0368 
0.0267 
0.0192 
0.0279 
= 
3 0.9991 gros/cm. 
NRE NT 
536.5 7.96 
375.7 6.78 
265.5 5.35 
162.3 4.31 
79.0 3.48 
660.8 8.89 
1262.5 12.90 
1066.9 12.01 
1458.8 14.89 
1748.0 16.63 
1119.2 12.03 
2347.5 26.88 
881. 9 13.90 
749.7 19.18 
628.1 13.50 
382.4 9.83 
628.1 14.11 
TABLE No.15 
EXPERIMENTAL DETAILS OF TRIAL SEPARATIONS AND CLASSIFICATIONS 
Machine Liquid Solids Weight of Various Fractions (Dry) ems. 
No. Speed Feed Rate Feed Rate No. 1 No. 2 No. 3 No. 4 Type of R.P.M. Litres/Min. Cms. dry sand/min. Rotor 
1 238 2.25 295 1030 1174 480 6465 B (Drg. No. 3) 
2 400 2.25 458 2078 1111 504 3183 " 
3 570 2.25 257 2550 1235 355 1414 " 
4 780 3.0 236 3271 954 205 300 . " 
5 1140 1.25 309 2440 790 178 299 " 
7 1530 4 2110 3294 1984 540 526 " 
8 1530 4 1775 4529 772 929 860 C 
(Drg. No. 4) 
6 1140 1.25 1560 4970 '1440 290 335 B 
(Drg. No. 3) 
~. 
TABLE No. 16 
THEORETICAL PREDICTION OF PARTICLE ESCAPE ON SURFACE 
INCLINED AWAY FROM AXIS OF ROTATION 
Theoretical Particle Size Exptl. 50% cut-off 
Test (Microns) (Microns) 
No. 
Tray Tray Tray Tray 
No. 2 No. 3 No. 2 No. 3 
1 1070-1020 1020-990 2230 1650 
2 880-810 810-762 900 710 
3 736-676 676-636 620 510 
4 625-580 580-540 500 420 
5 520-480 480-450 280 215 
6 520-480 480-450 263 228 
7 450-410 410-390 184 155 
TABLE No. 17 
THEORETICAL PREDICTION OF PARTICLE ESCAPE ON THE 
RADIUS ON THE ROTOR SURFACE 
Test Theoretical Particle Diam. 90% cut-off point of 
No. (Microns) Top Tray (No. 1) 
. 
1 1120 2200 
2 880 1200 
3 720 740 
4 640 560 
5 520 260 
6 520 250 
7 440 140 
- -- ---------- ------
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APPENDIX B.l. 
DERIVATION OF AN EXPRESSION FOR THE RATIO OF 
, 
SURFACE TO MEAN RADIAL VELOCITY BY INTEGRATION OF 
EQUATION 
d2u 1 l ' cose ~w --+ - sine + - w di ' v r 
By integration of equation 4.14 we 
du 1 [ . dy + ~ gy S1n8 + 
On further integration we get 
u +! gy swe l-2. " 2 + cose r 
4.14 
' 2 (L) + w b s 
get 
if 6, 1 sY 
30b4 = 
(~) 2~ 2 
_2" 5 W"y 
1 =, 0 4.14 
By the assumption of no slip at the solid liquid interface, u = 0 
at y = 0, ,hence K2 = o. Utilising the boundary condition that 
u = u at y = b an expression for the film velocity, u, can be 
s 
obtained, which by integration across the film thickness gives an 
expression of the mean film velocity and hence an expression for Q. 
By dividing the abov,e equation by b UR we get 
U 
s U; = 2 - b
3 . g S1ne 
6" Q 
Appendix- B.2. 
DECAY OF STRONTIUM 90.EMITTER 
Activity of emitter = 100 millicuries 
Half life of emitter (T~) = 28 years 
The decay is described by the following relationship. 
(see Erwall et al (41)). 
= No e -At 
where No 1S the number of nuclei at t = 0 
When t = T,. 
~ 
hence 
e 
At 
- At 
= 0.5 
= 0.693 
Now T, = 1456 weeks (28 years) ~ 
A = 
0.693 
1456 
Nt - 0.000477 t 
= e No 
when t = 4 weeks 
= 0.9993 
Therefore the decay during the period of 1 month is less than 0.1% 
A 
A 
c 
b 
b+ 
b 
* b 
c 
D 
EL 
f 
F 
c 
F 
P 
FST 
g 
I 
I 
w 
K, k 
N 
n 
p 
Pa 
Q 
r 
R 
s 
Sc 
SH 
NOMENCLATURE 
Amplification of most unstable wave travelling 10 cm. 
Activity registered by scaling unit defined by equation 3.65. 
Film thickness 
Dimensionless film thickness 
Mean film thickness 
Average film thickness defined by equation 3.80 
Phase velocity of waves 
Diameter 
Entrance length 
Friction factor for film flow 
Centrifugal force 
Force due capillary pressure 
Force due to 'surface tension 
Acceleration of gravity 
Intensity of radiation transmitted by hydrocarbon 
Intensity of radiation.transmitted by water 
Constants 
Revolutions per minute 
Wave number or power 
Pressure 
Capillary pressure 
Volumetric flow rate per wetted perimeter 
Radial coordinate 
Tube radius 
Slope 
Stopping power per gram atom of carbon 
Stopping power per gram atom of hydrogen 
t Time 
u Velocity in x-direction 
U Film surface velocity 
s 
U+ Dimensionless velocity in x-direction 
-u Mean film velocity 
i1 Velocity. in r-direction 
Uw Veiocity of wave propogation 
-u Mean gas velocity g 
V Velocity in y-direction 
V Velocity in 6-direction 
w Velocity in z - direction 
w Velocity in z - direction 
WH Weight fraction of hydrogen, 
x Coordinate in the direction of flow 
y Coordinate across thickness of film 
+ Y Dimensionless distance from wall 
z Coordinate across channel 
Z Axial distance defined by equation 3.27. 
GREEK LETTERS 
a Dimensionless wave celerity 
~ Viscosity 
p Density 
v Kinematic viscosity 
o Surface tension 
y Surface concentration of surfactant 
Q Force potential 
6 Angle of flow plane to horizontal 
6' Angle subtended by pendular ring at particle centre. 
~ Free surface deformation function 
A Thickness of viscous sublayer 
T Shear stress 
Interfacial shear stress 
Angle of flow plane to centrifugal field 
w Angular acceleration 
Core density 
Relative viscosity defined by equation 3.69 
Dimensionless Groups 
Physical properties group 
NFR Froude number defined by equation 3.4 
NRE Reynolds number defined by equation 3.2 
NRE Critical Reynolds number for onset of turbulence 
c 
NT Nusselt film thickness parameter defined by equation 3.63 
* NT Modified Nusselt film thickness parameter defined by equation 
4.8. 
Weber number defined by equation 3.3 
Fluid properties number defined by equation 3.9 
1. 
2. 
3. 
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